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Abstract
Iodine-129 (129I) is one of the volatile radioactive species in the off-gas streams generated
from the spent nuclear fuel reprocessing system, and it is essential to remove 129I vapor because
129

I has a long half-life (1.6 x 107 years) and can be fatal to the human body if released to the

environment. Radioactive iodine vapor can be effectively captured by silver containing adsorbents
such as silver exchanged mordenite (Ag0Z) and silver functionalized silica aerogel (Ag0-aerogel)
used in this study. However, the aging impact of off-gas streams on the adsorbents is one of major
issues in the removal of radioactive iodine vapor during off-gas treatment.
Previous studies have shown the remarkable performances of the Ag0Z and Ag0-aerogel
for iodine adsorption, but have shown that the iodine loading capacity on both silver containing
adsorbents decrease over time due to the chemical and physical changes to the adsorbents when
exposed to off-gas streams. However, aging mechanisms of the processes caused by the off-gas
streams on both the Ag0Z and A0-aerogel were not clear, so the mechanism and kinetics in the
aging processes were evaluated in this study.
In this study, the aging impacts of off-gas streams on the kinetics of iodine capture on both
Ag0Z and Ag0-aerogel were investigated. The adsorbents were aged in a continuous-flow aging
system using dry air, humid air, 1% NO, 2% NO2 and a gas mixture consisting of all the gas
streams under different aging conditions, such as aging temperature, time and water concentration,
and iodine adsorption experiments on the aged adsorbents were conducted in a continuous-flow
adsorption system. Results showed that humid air, 1% NO and 2% NO2 have negative impacts on
the performance of Ag0Z and Ag0-aerogel; especially, 2% NO2 has the most severe impact on the

iodine loading capacity of both adsorbents. In addition, it was found that iodine loading capacity
of the aged Ag0Z and Ag0-aerogel decreased as aging time and temperatures increased.
In addition, characterization studies were conducted with scanning electron microscopy
(SEM), X-ray photoelectron spectroscopy (XPS) and X-ray powder diffraction (XRD) to better
understand the mechanisms of the aging processes on Ag0Z and Ag0-aerogel by observing the
chemical and physical changes through aging processes. Kinetic models were developed and
evaluated to simulate the aging processes in different gases. Reversible and irreversible reaction
models were suggested to describe the reaction of the aging components with the silver adsorbent
pellets.
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Chapter 1. Introduction*
Nuclear energy technology is presently one of clean and sustainable energy sources to
replace the use of fossil fuels which emit harmful products to the environment. Nuclear power is
an efficient way to produce electricity by using low-enriched uranium fuel through a process,
which split uranium atoms to release heat to create steam and turn turbines to produce electricity.
Nuclear power plants are currently being operated in 31 countries worldwide with about 440
nuclear reactors for electricity generation. For example, there are 98 operating nuclear reactors in
the United States generating 19.8% of the country’s electricity.1
On the contrary to the benefit of the nuclear energy, there exist downsides such as the risk
of accidents and the problem of nuclear waste disposal for the spent nuclear fuel materials. Nuclear
power is, generally speaking, obtained from fission, decay and fusion reaction of uranium, and the
process releases a number of radioactive species as spent nuclear fuel materials which exist in the
spent nuclear fuel reprocessing system. Spent nuclear fuel undergoes the head-end process2,3,5,18
including shearing, voloxidation and fuel dissolution as shown in Figure 1-1. During these
processes, some fraction of the volatile radioactive nuclides, such as 129I, 3H, 85Kr, 135Xe and 14C,
is released into the off-gas systems,2,4 and of these radioactive nuclides, 129I is a primary volatile
radioactive nuclide existing in the off-gas streams generated from the spent nuclear fuel
reprocessing process.6-8,14,15,37

*

Permission granted by John Wiley and Sons and Elsevier to use the text of a published article130,131 in this chapter.

130. Choi, S.; Nan, Y.; Tavlarides, L. L., Kinetics of aging process on reduced Ag exchanged mordenite in dry air and humid air.
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131. Choi, S.; Nan, Y.; Tavlarides, L. L., Aging Kinetics on Silver-Functionalized Silica Aerogel in Off-Gas Streams including
Dry Air, Humid Air, NO and NO2. Chemical Engineering Journal Advances 2021, 8, 100191.
https://doi.org/10.1016/j.ceja.2021.100191.

1

Figure 1-1. Diagrams of the head-end process and off-gas treatment system in the spent nuclear fuel reprocessing processes.7,103

2

The removal and immobilization of 129I is an essential consideration during spent nuclear
fuel reprocessing because

129

I has negative impacts on the human body if released to the

environment due to its long half-life (1.6 x 107 years) and potential risks to human health. Thus, it
is required for radioactive materials like 129I to meet regulatory emission limitations issued by the
U.S. Environment Protection Agency (EPA) and Nuclear Regulatory Commission (NRC).
According to The US Code of Federal Regulations (CFR), 10 CFR 20 and 40 CFR 190,9,10

129

I

emission should be regulated with the release limit of 0.005 Ci/GW(e)-year and minimum DF
(decontamination factor: the ratio of initial and final radioactivity) of 167.4,5 Therefore, spent fuel
reprocessing off-gas has to be treated to capture radioactive iodine to meet the emission regulations.
To capture radioactive iodine from off-gas streams, many studies have been carried out
such as liquid scrubbing methods and use of solid adsorbents. As liquid scrubbing methods,
alkaline scrub, mercurex process, iodox process,11-13,16 electrolytic scrubbing and fluorocarbon
solvent were introduced to capture radioactive iodine, and showed that these methods are available
to remove iodine as well as organic iodine with the potential for high DFs. However, these methods
have drawback such as low I2 removal efficiency for low concentrations (0.1 ~ 0.5 ppm),17-19 high
construction cost and complex disposal processes. For example, the mercurex and iodox processes
use high concentration of nitric acid scrub solvents, which require treatments for the used solvents
before disposal.
As an alternative to liquid scrubbing methods, solid adsorbents were introduced such as
activated carbon, chalcogels, metal-organic frameworks, silver nitrate impregnated substrate,
silver mordenite and silver functionalized silica aerogel. However, it was revealed that the
activated carbon and silver nitrate substrate are not the best options for iodine capture due to

3

shortcomings such as low ignition point, instability with the presence of NOx under the off-gas
conditions and low removal efficiency in humidity.16,20
The metal-organic21-26 and chalcogel27-29,32 adsorbents showed better performances for the
iodine capture, but reduced silver-mordenite (Ag0Z) and silver functionalized silica aerogel (Ag0aerogel) are the most widely used adsorbents to effectively capture the radioactive iodine generated
from the spent nuclear fuel reprocessing system due to thermal stability at high temperatures and
resistance to acidic off-gas streams.4,30,31
It is very crucial to study the behaviors of silver containing adsorbents, especially some
interactions which have impact on the reaction between silver and iodine in the spent nuclear fuel
reprocessing system, to enable prediction of long-term operation of gas treatment systems because
off-gas streams released during the spent nuclear fuel reprocessing process will cause the
degradation of the adsorbents, and consequently, the loss of iodine capacity on the adsorbents.
In the real-off gas treatment system, several other gas components exist and the iodine
adsorption on the silver containing adsorbents would proceed through the reaction with the gas
components. A major issue, which should be addressed when the silver containing adsorbents is
used for iodine capture under off-gas conditions, is the potential aging effects on the adsorbents.
For example, co-adsorption of iodine and water vapor on Ag0Z showed that water vapor has
influence on the performance of the Ag0Z in terms of iodine loading capacity.33-36 Also, there are
numerous studies on the iodine adsorption of both Ag0Z and Ag0-aerogel after exposed to the offgas streams. These studies have demonstrated that the off-gas exposed Ag0Z6,26,28,53-62 and Ag0aerogel20,21,27,28,35,56-62,66,68,69 lose the iodine loading capacity under the studied conditions.
However, it is not clear how the off-gas streams have impact on the adsorbents and why the iodine

4

loading capacity on the adsorbents are decreased with the exposure time to off-gas streams.
Therefore, it is essential to understand aging processes of both Ag0Z and Ag0-aerogel to predict
the aging effect of off-gas streams on both adsorbents.
To understand the aging effect of off-gas streams, the aging process of each gas component
needs to be firstly determined. Thus, aging experiments on both Ag0Z and Ag0-aerogel in each gas
component were conducted in this work, followed by iodine adsorption experiments on the aged
Ag0Z and Ag0-aerogel. In addition, the aging effect of gas mixtures consisting of all the studied
gas streams was also studied.
The objectives of this study are to develop an understanding of the different mechanisms
of silver-aging processes of the selected adsorbents, which are the Ag0Z and Ag0-aerogel, and to
develop appropriate kinetic models to predict the effect of off-gas streams on both silver containing
adsorbents. Towards these objectives, aging effects of off-gas streams including dry air, humid air,
NO and NO2 gases were studied through aging experiments in a continuous-flow aging system
and iodine adsorption experiments in a continuous-flow adsorption system equipped with data
acquisition systems using Ag0Z and Ag0-aerogel pellets. Aged Ag0Z and Ag0-aerogel samples and
kinetic data of iodine adsorption on the aged Ag0Z and Ag0-aerogel samples were obtained over a
wide range of aging and iodine adsorption conditions, considering the potential operating
conditions in the off-gas treatment systems.
Both Ag0Z and Ag0-aerogel were characterized using several physical/chemical analyses
techniques, such as Scanning Electron Microscopy (SEM), Powder X-ray Diffraction (XRD) and
X-ray Photoelectron Spectroscopy (XPS) to determine the aging mechanism of both Ag0Z and

5

Ag0-aerogel. Appropriate reaction models were suggested with the kinetic data of iodine
adsorption and the results of analyses on the aged Ag0Z and Ag0-aerogel.
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Chapter 2. Literature Review
2.1. Performance of Ag0Z and Ag0-Aerogel for Iodine Adsorption
The capture of radioactive iodine (129I) from the spent nuclear fuel processing off-gases by
solid adsorbents has been studied for several decades. These studies have shown that Ag0Z is one
of the effective adsorbents to remove iodine in the spent nuclear fuel reprocessing system. The
Hanford Waste Treatment Plant in Washington State, U.S.A. and NFS West Valley Plant in New
York State, U.S.A. selected Ag0Z to control emission of

129

I in off-gases of spent nuclear fuel

reprocessing facilities.38-40
The initial investigation of the iodine adsorption loading capacity was conducted by Staple
et al.41 and Thomas et al.42 with both reduced and unreduced AgZ through column adsorption tests.
Their studies showed that the reduced Ag0Z has better iodine capture than the unreduced AgZ:
about 17 wt.% of I2 loading capacity at 150 ℃ (optimal adsorption temperature) with the Ag0Z
containing 20 wt.% of Ag, which is about twice as high as that of the AgZ.
The reduced Ag0Z used in the previous studies mentioned above was produced in a
hydrogen stream at various temperatures ranged 150 ~ 500 ℃ for various times from hours to days.
For example, Thomas et al.42 and Scheele et al.39 prepared Ag0Z by reducing AgZ (Ag content: 20
wt.%) at 500 ℃ for 24 hours with pure N2 gas. In comparison, Bruffey et al.43 reduced AgZ (Ag
content: 9.5 wt.%) at 270 ℃ for ten days with a gas mixture of 4% H2/96% N2. The different
reduction conditions could be due to the differences in Ag content and possible physical/chemical
differences between the adsorbents.
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A large number of studies on iodine (including organic iodides) adsorption by Ag0Z have
been conducted5,7,17-19,33,39,43-76 by evaluating the performances of Ag0Z under off-gas conditions
mostly with a deep bed (column) system. As feed sources, iodine and organic iodides
concentrations varied between 40 ppb ~ 80 ppm at various temperatures because the off-gases
generated from the dissolution process (Figure 1-1) has much higher iodine concentration (ppm
level) than that of the voloxidation process (ppb level). Their studies showed that the DF
(Decontamination Factor: the ratio of contamination level of material before and after
decontamination) through the Ag0Z column experiments met the regulatory requirements for the
release of radioactive iodine. The optimal adsorption temperature for the adsorption of I2 and
organic iodides on Ag0Z was 150 ℃.
Although Ag0Z is widely known as a prominent adsorbent to capture I2 due to its high
surface area with low density and easy access to silver in the zeolite structure. However, extended
investigations of iodine adsorption on Ag0Z indicated that its iodine loading capacity significantly
decreased after it was exposed to off-gas streams including dry air, humid air and NOx
gases.43,57,59,84-93
Silver-functionalized silica aerogel (Ag0-aerogel) can be another sorbent candidate for I2
treatment during spent nuclear fuel reprocessing system because of its high surface area,
mesoporous pore volume, durability for long period exposure to gaseous iodine and high sorption
capacity of gaseous iodine.51,77-80
Numerous iodine and organic iodides adsorption studies51,52,58,59,66,87-93,97,99,100 on Ag0aerogel have also been conducted with mostly a column system. The concentrations of iodine and
organic iodides ranged from 40 ppb ~ 56 ppm due to the difference of the process steps in spent
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nuclear fuel reprocessing system mentioned above. The experimental and analytical results
indicated that the Ag0-aerogel also met the regulatory requirements with higher sorption capacity
than Ag0Z. The iodine and organic adsorption experiments were conducted at 150 ℃.

2.2. Mechanism of AgZ Reduction and I2 Adsorption on Ag0Z and Ag0-Aerogel
The zeolite Mordenite (MOR) pore network, which Ag+ can exists, consists of 12-member
ring (MR) channels, connected by 8-member ring (MR) pores. In the catalyst industry, Ag particles
are formed by reducing Ag-exchanged mordenite in a hydrogen gas stream. The mechanism of
AgZ reduction to Ag0Z in the hydrogen gas stream has been studied by Zhao et al.81 Their study
showed the formation of Ag nanoparticles inside the channels and on the surfaces of the mordenite
crystals in 5 steps: first, reduction of Ag+ in the 8 MR pores and the 12 MR channels to Ag0 at
different rates; second, migration of the Ag0 in the 8 MR pores to the 12 MR channels; third, the
formation of Ag0 clusters in the 12 MR channels; fourth, migration of the Ag0 clusters from the 12
MR channels to the external mordenite surface; last, aggregation of Ag0 clusters into nanoparticles.
They also found that the amount and size of the Ag nanoparticles increased as reduction
temperature (30 ℃ ~ 227 ℃) and time (0 ~ 12 hours) increased.
Chapman et al.82 reported the mechanism for I2 adsorption on Ag0Z that I2 was adsorbed
by the Ag0 particles on Ag0Z as the form of AgI. They found that the Ag-I reaction formed γ-AgI
structure (a cubic zincblende type structure) on the surface of the Ag0Z crystals and α-AgI structure
(in a face-centered cubic structure) at the inside of Ag0Z crystals. The particle size of the α-AgI in
the crystal channels was estimated ~7 Å, which corresponded to the pore in the mordenite structure.
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Matyáš et al.83 studied the structural characteristics of AgI particle formed by iodine
adsorption on Ag0-aerogel using transmission electron microscopy. They reported the
nanoparticles of AgI were formed evenly on the silica aerogel backbone as a γ-AgI polymorph
which has been found to be stable below 147 ℃. The other polymorphic forms were not found
because Ag and γ-AgI have a similar crystal structure; Ag in the crystal structures of Ag and γAgI is in the face-centered cubic (FCC) arrangement, and higher activation energy is needed for
the structural change of Ag to α-AgI or β-AgI than that of Ag to γ-AgI.

2.3. Aging Effect of Off-Gas Streams Including Dry air, Humid air, NO and NO2 Gases
on Ag0Z and Ag0-Aerogel
In effort to understand the long-term performances of Ag0Z in spent nuclear fuel
reprocessing off-gas treatment, a number of aging studies on Ag0Z have been done for extended
period of times up to 6 months. These studies showed the iodine loading capacities of Ag0Z aged
in gas streams including dry air, humid air, NO and NO2 at 150 ℃ for up to 6 months.
Jubin et al.84, Bruffey et al.85 and Patton et al.86 reported the aging effect of gas streams on
Ag0Z in dry air and moist air (dew point: 15 ℃) at 150 ℃ for up to 6 months. The Ag0Z was
exposed to dry air and moist air respectively for up to 6 months. Iodine adsorption studies were
conducted with aged Ag0Z in dry air and moist air to determine iodine capacity. Dry air aged Ag0Z
for 6 months resulted in about a 40% loss in iodine capacity. Moist air aged Ag0Z for 4 months
resulted in about a 60% loss in iodine capacity. These results indicated that moist air is a more
significant aging factor on the Ag0Z.
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Patton et al.57,85 investigated the aging effect of NO gas stream on Ag0Z. The Ag0Z was
aged in 1% NO at 150 ℃ for 2 months. After that, aged samples were removed at 1 week, 1 month
and 2 months for iodine adsorption to observe iodine loading capacity. The results showed a
decrease of 78% in iodine loading capacity for both 1 week and 1 month aged Ag0Z samples, but
a decrease of 85% in iodine loading capacity for 2 months aged Ag0Z.
Bruffey et al.,43,59,85 Patton et al.,86 and Jordan et al.87 reported the aging effect of NO2 gas
stream on Ag0Z. The Ag0Z was exposed to the static 2% NO2 for 2 months. Iodine adsorption
study was also conducted with the 2% NO2 aged Ag0Z sample. The result showed that 2% NO2
aged Ag0Z for 2 months has a loss of 30% iodine capacity. These reports indicated that off-gas
streams including dry air, moist air, NO and NO2 gases have significant impacts on the
performance of Ag0Z by decreasing their iodine loading capacities.
Aging studies of Ag0-aerogel have also been conducted for the extended period of time.
These studies resulted in the iodine loading capacities of Ag0-aerogel after being aged in gas
streams including dry air, humid air, NO and NO2 at 150 ℃ for up to 6 months.
Matyáš et al.88 reported iodine loading capacity of Ag0-aerogel aged in dry air at 150 ℃
for 6 months. Ag0-aerogel was aged in dry air at 150 ℃ for 6 months, then conducted iodine
adsorption test to observe iodine loading capacity of the aged Ag0-aerogel. The result showed that
Ag0-aerogel after being aged in dry air for 6 months lost 22% of iodine loading capacity. Bruffey
et al.,59,87,89-91 Jubin et al.,92 Patton et al.93 also investigated the aging effects of off-gas streams
including humid air, NO and NO2 gases. Ag0-aerogel was exposed to humid air, 1% NO and 2%
NO2, and then iodine adsorption was tested with the aged Ag0-aerogel samples. From these tests,
iodine capacity losses were observed after exposure to gas streams. For example, Ag0-aerogel lost
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22% of iodine loading capacity when exposed to humid air for 6 months, and lost 43% and 15%
of iodine loading capacities after exposure to 1% NO and 2% NO2 for 2 months, respectively.
These studies showed that off-gas streams had negative impacts on the performance of
Ag0-aerogel over extended periods of time. Especially, 1% NO gas stream had the most negative
impact on the iodine loading capacity of Ag0-aerogel, compared to other gas streams aged Ag0aerogel samples.
Aging studies of both Ag0Z and Ag0-aerogel in off-gas streams including dry air, humid
air, 1% NO and 2% NO2 showed that off-gas streams had adverse impacts on the performance of
silver containing adsorbents over extended periods of time because the off-gas streams cause the
degradation of silver in sorbents, but it was not clear why the iodine loading capacities on both
Ag0Z and Ag0-aerogel were decreased with the exposure time to off-gas streams.

2.4. Aging Effect of Gas Mixtures Including Humid air, NO and NO2 Gases on Ag0Z
and Ag0-Aerogel
Iodine and organic iodides adsorption studies focused on emission control for gaseous
radionuclides have been conducted with a deep-bed column under gas mixture conditions.
Jubin46,94 reported the suitability of Ag0Z to remove CH3I from nuclear fuel reprocessing plants.
The Ag0Z was prepared by a pretreatment of the AgZ in 4.5% H2/95.5% Ar at 200 ℃ for 24 hours.
CH3I adsorption was conducted using the deep-bed column system41 with gas streams at 150 ℃.
Humid air (dew points: -54 ℃ ~ 30 ℃), 0% or 3.1% NO, 0% or 1.4% NO2 and ~ 172 ppm of CH3I
were used as gas mixtures. The result showed that 3.4 wt.% CH3I was loaded on the Ag0Z and the
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effect of NO and NO2 concentrations on the CH3I loading capacity were as small as negligible.
However, this result is not clear to observe the effect of the gas mixtures because this study did
not exactly compare the effect of gas mixtures. For examples, humid air was always passed through
the adsorption column system at various concentrations while NO and NO2 gases were not used.
Soelberg and Watson49,52,95,97 conducted iodine adsorption studies in a deep-bed adsorption
system on both Ag0Z and Ag0-aerogel at 150 ℃ under water, NO and NO2 conditions with iodine
concentration ranged from 1.6 ~ 49.2 ppm. Their results showed that iodine loading capacity of
Ag0-aerogel (20 ~ 46 wt.%) is higher than that of Ag0Z (3.3 ~ 17 wt.%). It means that Ag0-aerogel
has higher resistance to gas mixtures consisting of humid air, NO and NO2.
Bruffey et al.,98,100,101 Jubin et al.,99 and Soelberg and Watson58,62,66,96 have also studied
deep-bed CH3I adsorption on both Ag0Z and Ag0-aerogel with various experimental conditions at
150 ℃, such as CH3I concentrations (ppb and ppm), with or without H2O, NO and NO2. Both
sorbents showed appropriate sorption performances depending on feed gas streams, but lower DFs
were observed at higher NOx concentrations than at lower NOx concentrations.
In these CH3I adsorption tests, gas mixtures including CH3I, humid air, NO and NO2 were
used as feed gas streams, which means that CH3I was mixed with other gases before contacted to
sorbents. They reported that the gas mixtures could affect CH3I reactions during the column
adsorption test. So, the results did not show how gas mixtures including humid air, NO and NO2
gases affected the performance of adsorbents, although individual gas stream is known to result in
a decrease in iodine capacity.101
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Chapter 3. Experimental†
3.1. Materials
The Ag0Z used for this study was prepared by reducing the commercial AgZ (IONEXType, Ag-900 E16, Lot# 111515-1, Molecular Products) in a 4% H2/96% Ar gas stream at 400 oC
for 24 hours.63,103 The AgZ was provided as cylindrical pellets with an average diameter of 1.6
mm, manufactured by a clay binding material. The size of the as-received AgZ pellets varied from
10 ~ 16 meshes, and was narrowed to 1.8 mm using a 12-mesh stainless steel screen to remove
smaller pellets.
The average silver content as described by the manufacturer was 11.9 wt.%. Theoretically
speaking, if the 11.9 wt.% (1.10 mmol Ag/g) of silver is reacted with I2 completely via the Ag-I
reaction, which is 2Ag + I2 → 2AgI, to form AgI, the maximum I2 adsorption capacity of the Ag0Z
will be 14 wt.% (1.10 mmol I/g). It is worth noting that Ag is mainly in the crystalline framework
of AgZ before reduction and that Ag is reduced to Ag0 on the surface of Ag0Z after reduction.81,82
Reduction conditions were the optimal conditions to maximize iodine loading capacity on the
Ag0Z which were obtained from previous studies by Nan et al.63,102 Detailed physical properties
of Ag0Z103 are described in Table 3-1; the same material was used herein.

†Permission

granted by John Wiley and Sons and Elsevier to use the text of a published article130,131 in this chapter.

130. Choi, S.; Nan, Y.; Tavlarides, L. L., Kinetics of aging process on reduced Ag exchanged mordenite in dry air and humid air.
AIChE Journal 2021, 67 (8):e17182. https://doi.org/10.1002/aic.17182.
131. Choi, S.; Nan, Y.; Tavlarides, L. L., Aging Kinetics on Silver-Functionalized Silica Aerogel in Off-Gas Streams including
Dry Air, Humid Air, NO and NO2. Chemical Engineering Journal Advances 2021, 8, 100191.
https://doi.org/10.1016/j.ceja.2021.100191.
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The Ag0-aerogel (as received) used in this study was purchased from Pacific Northwest
National Laboratory (PNNL). The Ag0-aerogel was synthesized by reducing Ag-aerogel (unaged)
in 2.7% H2/Ar at 165 oC for 2 hours with a previously developed procedure.77 The granules were
black with yellow spots and had a bulk density of 477 kg/m3. The average silver content as
indicated by the supplier was 36.5 wt.% In theory with the similar approach to AgZ, if the 36.5
wt.% (3.38 mmol Ag/g) of silver is fully utilized to react with I2 to form AgI, the maximum I2
adsorption capacity of the Ag0-aerogel will be 42.9 wt.% (1.10 mmol I/g). Brunauer-EmmettTeller characterization of the granules revealed a surface area of 103 m2/g, adsorption/desorption
pore size of 10/6 nm, respectively. The detailed properties of Ag0-aerogel are shown in Table 32.

Table 3-1. Physical properties of Ag0Z103
Property

Value

Silver content

11.9 wt.%

Moisture in AgZ as received

1.2 wt.%

Theoretical Maximum iodine capacity

14.0 wt.%

Diameter of cylindrical pellet

1.6 mm

Equivalent spherical radius, 𝑹𝒂

0.9 mm

Radius of microparticles, 𝑹𝒊

1.14 μm

Bulk density of pellet, 𝝆𝒑

1.87 g/cm3

Real density, 𝝆𝒓

3.057 g/cm3

Porosity of pellet, 𝜺𝒑

0.384

BET surface area, 𝑺

178.9 m2/g

t-plot micropore volume, 𝒗𝒊

0.077 cm3/g
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Table 3-2. Physical properties of Ag0-aerogel (as-received)
Property

Value

Silver content

36.5 wt.%

Theoretical Maximum iodine capacity

42.8 wt.%

Diameter of arbitrary pellet

1 ~ 3 mm

Bulk density of pellet, 𝝆𝒑

0.48 g/cm3

BET surface area, 𝑺

103 m2/g

BET pore volume, 𝑽

0.23 cm3/g

Various gases used for aging and iodine adsorption experiments in this study, including
compressed dry air (Ultra Zero grade, dew point < -70 oC), 1% NO in a balance of nitrogen (N2),
2% NO2 in a balance of dry air, compressed N2 (Ultra High Purity grade), 4% H2/96% Ar (Certified
Standard grade, 4% H2 in a balance of Ar), were purchased from Airgas Inc.

3.2. Experimental Set-up and Procedure
3.2.1. Reduction of AgZ
The reduction of Ag to Ag0Z was conducted with an experimental reduction system as
described in Figure 3-1. The optimal reduction conditions63,102 to maximize iodine loading
capacity on the Ag0Z were used in this study. The AgZ samples were loaded into a glass column
(I.D. = 3 cm) and dried with a N2 flow (500 ml/min) at 400 ℃ for 4 hours to remove the moisture
in the AgZ samples. The gas stream was passed through the glass column wrapped with glass coil,
through which the flowing gas streams were pre-heated at 400 ℃. Then, 4% H2/ 96% Ar gas was
passed through the column for reduction at 400 ℃ for 24 hours. After the reduction was completed,
16

the Ag0Z sample was purged with N2 gas to blow out any impurities including the residual H2 for
another 4 hours. After that, the Ag0Z sample was cooled down in continuously flowing N2 gas in
the column to the room temperature.

Figure 3-1. Experimental set-up for AgZ reduction.

3.2.2. Aging experiments on Ag0Z and Ag0-aerogel in off-gas streams including dry
air, humid air and NOx gases
The aging experiments on the Ag0Z and Ag0-aerogel in different types of gases for long
times up to 6 months (10 minutes - 6 months) at up to 200 ℃ (100 ℃ ~ 200 ℃) were performed
to determine the aging effect of off-gas streams on both Ag0Z and Ag0-aerogel. The experiments
were done with the continuous-flow aging system shown in Figure 3-2 and Figure 3-3. The Ag0Z
or Ag0-aerogel was loaded into column sets, which are connected with stainless steel gas tubing in
two ovens, and each column (inner diameter (I.D.): 2.5 cm and height (H): 7 cm) consisted of up
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to 4 sections depending on the desired aging time. Each column was connected with gas-stream
lines of dry-air, humid-air (d.p. -40 oC, -15 oC and +15 oC), 1% NO/N2 and 2% NO2/dry air,
respectively. Thermocouples were placed at each stainless steel line in both ovens to monitor if
the gas temperature was heated to the desired temperatures.
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Figure 3-2. Schematic diagram of the continuous-flow aging system.
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(1)
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Figure 3-3. Photographs of column set-up in the continuous-flow aging system; (1) Oven; (2) Thermal monitor; (3) Temperature
controller; (4) Aging column set.
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The Ag0Z or Ag0-aerogel loaded into each column section was dried in a N2 gas stream at
the desired aging time for 1 hour before starting the aging experiment to remove moisture and dust
which may have existed in or on the Ag0Z or Ag0-aerogel. Each gas stream, which is dry air, humid
air, 1% NO/N2, or 2% NO2/dry air, was passed into each column through the gas lines for the
designed aging periods at designed aging temperature; flow rates were controlled by mass flow
controllers at 500 ml/min. Water vapor was generated by a water vapor generator (Easidew,
Michell Instruments) by controlling a dew point hygrometer which can be controlled by flow rates
of the dry air stream. After the aging experiment was completed at each desired aging time, the
aged Ag0Z or Ag0-aerogel sample was purged with the N2 gas stream to blow out any impurities
including the residual aging gas (dry air, humid air and NOx) for another 1 hour. Then, each of the
aged Ag0Z or Ag0-aerogel sample was taken out of each column section.
Additional aging experiments on both Ag0Z and Ag0-aerogel were conducted in a gas
mixture containing 99.25% humid-air (dew point of -15 oC), 0.25% NO and 0.5% NO2 by diluting
1% NO/N2 and 2% NO2/air in humid air (d.p. -15 oC) at 150 oC using a modified version of the
aging system described above, which is shown in Figure 3-4. The procedure of the aging
experiment was the same as the aging experiment with a single gas stream. The Ag0Z or Ag0aerogel samples were aged for up to 1 month in the glass columns inside the ovens. There were
two columns (I.D.: 2.5 cm / each column section) in an oven corresponding to the gas mixture
studied. Each column had three sections (H: 7 cm / each column section) for measuring different
aging times: 10 minutes, 30 minutes, 1 hour and 5 hours for Ag0Z; 1 day, 3 days, 1 week, 2 weeks
and 1 month for Ag0-aerogel. The mixed aging gas stream was passed through the columns at a
constant flow rate (200 ml/min) using a mass-flow controller to ensure that the gas concentration
was uniform throughout the columns.
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Figure 3-4. Schematic diagram of the continuous-flow aging system revised for gas mixture.
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0

Screen tray with Ag Z

Figure 3-5. Schematic diagram of the continuous-flow I2 adsorption system.
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Figure 3-6. Photographs of the continuous-flow adsorption system; (1) Dynacalibrator; (2) Microbalance; (3) Furnace; (4) Temperature
controller; (5) Data acquisition system; (6) Adsorption column; (7) Screen pan.
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3.2.3. Iodine adsorption experiments on Ag0Z and Ag0-aerogel aged in off-gas streams
including dry air, humid air and NOx gases
Two continuous-flow iodine adsorption systems were used for iodine adsorption
experiments on both Ag0Z and Ag0-aerogel aged in gas streams. A schematic diagram of one of
iodine adsorption system is placed in Figure 3-5; both adsorption systems have been operated with
same procedure. Each system was comprised of an iodine generation unit, a microbalance unit, a
furnace and a data acquisition system. 50 ppmv of I2 vapors were generated from the
dynacalibrators (VICI, Model 450 and 500) by controlling flow rates of the carrier and dilution
stream (dry air) at 500 ml/min. The concentrations of I2 in the gas stream were precisely controlled
by controlling the temperature of the dynacalibrator and the mass flow controllers. A microbalance
with a sensitivity of 0.1 μg was used in each system to measure the mass change of adsorbents
during the adsorption process. It was connected to a data acquisition unit, which had a designed
program to record the data at desired time intervals. A N2 gas controlled by the mass flow controller
with 40 ml/min of flow rate was passed through the microbalance head to prevent it from potential
corrosion by other gas species. A stainless-steel screen pan inside a glass adsorption column (I.D.:
30mm) was connected to the microbalance. The aged Ag0Z samples were loaded on a screen pan
in a single layer inside the glass adsorption column wrapped with glass coil, through which the
flowing I2 vapor was pre-heated at 150 ℃. Two thermocouples were located at both inside and
outside of the adsorption column to observe if the gas was preheated to the desired adsorption
temperature. A furnace with an accuracy of 0.1 ℃ was used in each system for the desired
adsorption temperature. Photographs and schematic diagram of the detailed I2 adsorption systems
described above are shown in Figure 3-5 and Figure 3-6.
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The I2 adsorption experiments were conducted under wide ranges of conditions in previous
studies.63,103 These studies reported that the optimal condition for I2 or CH3I was 150 ℃ depending
on the gas flow rate. Nan et al.63,103 reported that there was no significant impact on I2 adsorption
by superficial gas velocity greater than 1.1 m/min, found that the maximum iodine loading was
achieved at the optimal temperature of 150 ℃ with I2 concentration of 50 ppmv through the
equilibrium data of I2 adsorption on Ag0Z. This optimal adsorption temperature was agreed with
other studies.20-26,29,32,44,45,104-106 To meet these conditions recommended by Nan et al,63,103 the gas
flow rate at room temperature was set at 500 ml/min in this study.
Prior to the I2 adsorption, the aged Ag0Z or Ag0-aerogel were pre-equilibrated in dry air at
150 ℃. Subsequently, I2 vapor was diluted in the dry air and the total flow rate was adjusted to
maintain the same flow rate as before, and then followed by desorption experiments to stop the I2
vapor from the dynacalibrator to remove the I2 physisorbed.

3.3. Analytical Techniques
Analyses on each unaged and aged adsorbents were performed by various analytical
techniques including Scanning Electron Microscopy (SEM), Powder X-ray Diffraction (XRD) and
X-ray Photoelectron Spectroscopy (XPS) to determine the physical and chemical changes of Ag0Z
after being aged in the gas streams.
Scanning Electron Microscopy (SEM)
Scanning Electron Microscopy (SEM, JEOL 5600) was employed to observe surface
structure change on aged samples by obtaining information on each sample’s surface and chemical
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composition. Images of unaged AgZ, unaged Ag0Z, unaged Ag0-aerogel, aged Ag0Z and aged Ag0aerogel samples were obtained using secondary electron imaging (SEI) and backscattered electron
imaging (BEC) to observe silver particles on the mordenite surface after reduction and information
on surface and chemical composition of both Ag0Z and Ag0-aerogel after being aged in gas
streams.
Powder X-ray Diffraction (XRD)
X-ray diffraction (XRD, Bruker D8 Advance ECO powder diffractometer) equipped with
a Cu Kα radiation (λ=1.540456 Å) at 40 kV and 25 mA was employed to observe the impacts of
aging gases on Ag0 to describe behavior of silver particles on the Ag0Z and Ag0-aerogel.
Diffraction patterns were collected at the 2θ-range between 15° and 60°, and the results were
analyzed with the software MDI Jade version 9.0.
X-ray Photoelectron Spectroscopy (XPS)
X-ray Photoelectron Spectroscopy (XPS, Surface Science Instruments SSX-100) in an
ultrahigh vacuum was employed for surface elemental analysis to investigate the change of
oxidation state of Ag in the adsorbents when exposed to the studied gas streams. A monochromatic
Mg Kα X-ray source (1486.6 eV) at a working pressure in the analyzing chamber of ~2 × 10-9 Torr
was used to obtain the spectra. Survey/wide scans were performed using a pass energy of 150 eV,
and high-resolution scans were conducted with a pass energy of 50 eV. A flood gun was used for
charge neutralization. The binding energy (BE) of core-level Ag 3d was measured. C 1s peak at
284.2 ± 0.1 eV BE was taken as internal reference. Analysis of the data was performed with the
Casa XPS program (Casa Software Ltd., UK).
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3.4. Modeling
Pseudo kinetic model is a straightforward modeling method to describe the deactivation
via chemical reactions. This model was first introduced by Lagergren107 and widely used in various
studies108-112, was employed to express the deactivation of Ag as a function of aging time. The
oxidation of Ag can be considered as a reversible reaction with an equilibrium in this study. The
aging experiments in this study were conducted under a continuous flow system such that the
concentrations of gas streams were constant during the aging processes. The pseudo reversible
reaction model with reaction equations for Ag0Z (Equation 1) and Ag0-aerogel (Equation 2) were
applied to describe the kinetics of aging processes on the Ag0Z and Ag0-aerogel.

𝐴𝑔 ⎯ 𝐴𝑔
𝑣

𝑑𝐶
𝑑𝑡

𝑘 𝐶 𝐶
∗

𝑘
𝑣

𝑑𝐶
𝑑𝑡

𝑘 ∗𝐶

𝑣

𝑑𝐶
𝑑𝑡

𝑘 ∗𝐶
𝑘
1

∗

𝑘 ∗𝐶

𝑘 𝐶

𝐶

𝑖𝑓 𝑛

1

𝑘 𝐶 𝐶

2

𝑘 𝐶
𝐶
2𝐶

𝐶
𝑑𝐶
𝑑𝑡

1

𝑘 𝐶

𝐶
𝐶

𝑣

𝑘 𝐶

1
𝐶

𝐶
𝑘 𝐶 𝐶

𝑖𝑓 𝑛

1

28

𝐶

is the normalized concentration of silver which indicates the amount of I2 loaded on

the aged Ag0Z and Ag0-aerogel, 𝐶 is the concentration of a gas component used in this study, 𝐴
is the gas component, 𝐶

is the concentration of silver oxidized by the gas component, 𝑛 is the

reaction order, 𝑘 is the forward reaction rate constant and 𝑘
Here 𝑘 and 𝐶 are lumped into 𝑘

∗

aging experiment. In Equation 2, 𝐶

is the reverse reaction rate constant.

because the gas concentration is constant all the time during
and 𝐶

are the concentration of HS- functional groups

attached to aerogel surface and the concentration of S- oxidized by the gas component, respectively.
This reaction equation (Equation 2) was suggested for the formation of Ag2S through the reaction
between Ag and HS- which was described in previous study.129 The correlation coefficient (R2)
was also employed to determine the applicability of each model using Equation 3.

𝐶𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑅

∑ 𝑥
𝑥

𝑥̅ 𝑦
𝑥̅

𝑦

𝑦
𝑦

3

Here, 𝑥 is sample data from experimental results, 𝑥̅ is the average of the sample data set
from experimental results, 𝑦 is sample data from model results and 𝑦 is the average of the sample
data set from model results. In general, as the correlation cofficient is close to 1, it indicates strong
correlation between experimental data and model results.
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Chapter 4. Aging in Off-Gas Streams and Iodine Adsorption on Aged Ag0Z‡
4.1. Introduction
Various studies on adsorbents to capture radioactive iodine from spent nuclear fuel
reprocessing off-gas streams have been carried out. Of those studied solid adsorbents, hydrogenreduced silver mordenite (Ag0Z) has been widely known as the state-of-art adsorbent which can
effectively capture gaseous iodine from the spent nuclear fuel reprocessing off-gas treatment.
Ag0 was formed on the surface of mordenite as larger particles through the reduction
reaction in H2, and it could capture gaseous iodine effectively in the form of crystalline AgI. In
this chapter, reduced silver mordenite, Ag0Z, was first prepared with the optimal conditions
suggested by Nan et. al.63,102,103 It was found that the silver particles were formed on the surface
of the mordenite crystal structure by observing SEM images.
To study the impact of off-gas streams on silver containing adsorbents, a number of aging
studies have been performed in this chapter. In efforts to understand the long-term behaviors of
Ag0Z in spent nuclear fuel reprocessing off-gas treatment, a number of aging studies on Ag0Z in
dry air, humid air, 1% NO/N2 and 2% NO2/dry air for extended period of times up to 6 months
were conducted and described in this chapter. As a result, for example, the iodine loading capacity
of Ag0Z aged in gas streams was decreased with increasing aging time and temperature.
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To understand the mechanisms of the aging processes on Ag0Z, characterization studies
including scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS) and Xray powder diffraction (XRD) were performed. It was found that Ag0 was oxidized to Ag+ by
oxygen and water in dry air and humid air, then the oxidized Ag+ migrated into the pores of
mordenite crystalline structure. Subsequently, Ag+ was bound to the mordenite crystalline
structure by replacing hydrogen detached from the mordenite. Finally, the replaced hydrogen was
bound to oxygen or hydroxide to produce water.
The objective of this chapter was understanding aging processes of the Ag0Z and to develop
appropriate kinetic models to predict the effect of off-gas streams on the Ag0Z. To better
understand the impact of off-gas streams including dry air and humid air on the silver containing
adsorbent, Ag0Z, the kinetics of the aging processes on Ag0Z in off-gas streams were studied under
experimental conditions including aging time (10 minutes ~ 6 months), temperatures (100 ℃, 150 ℃
and 200 ℃) and water vapor concentrations (dew points: -40 ℃, -15 ℃ and +15 ℃). The kinetic
data from aging and iodine adsorption experiments were obtained, and a suitable reaction model
was also recommended to predict the aging impacts on Ag0Z.
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4.2. Aging Effects and I2 Adsorption on Aged Ag0Z
Aging in the studied gas streams resulted in different changes in the structure and
appearance of Ag0Z. As shown in Figure 4-1, there are no obvious changes to the Ag0Z aged in
dry air and humid air streams for up to 6 months, compared with the unaged Ag0Z. For the Ag0Z
exposed to NO, a change in material color is observed after 1 week of aging; the dark brown pellets
turn brighter brown. Extending the aging to 1 month results in a further change to white and
yellowish color. No additional changes are observed upon subsequent aging for up to 6 months.
The Ag0Z exposed to NO2 exhibits a similar color change, but with a more rapid transition. An
initial change is observed after exposure for 12 minutes, and a complete change is achieved within
5 hours of aging. It is noted that the Ag0Z fully aged in the NO and NO2 streams have a similar
structure and appearance to the as-received unreduced AgZ. These observations suggest that the
2% NO2/air stream has the most significant aging effect on the Ag0Z among the studied gas streams.
Results of iodine adsorption experiments with the aged Ag0Z are shown in Figure 4-2.
Compared to the unaged Ag0Z, all aged Ag0Z have an iodine adsorption capacity loss. For the dry
air aged Ag0Z, the iodine adsorption capacity (chemisorption) decreases from 12.3 wt.% to 10.5
wt.% after a 1-week aging, and further drops to the order of 7.5 wt.% after 1 month. The
experiments with 1, 2 and 4 months aged Ag0Z result in overlapping curves, indicating that no
further degradation occurs during aging over 1 month. A slight decrease is observed with the 6
months aged Ag0Z, but the statistical significance of this change cannot be assessed; the observed
decrease could merely be due to an experimental deviation caused by material nonuniformity.
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Figure 4-1. Changes of unaged AgZ, unaged Ag0Z and aged Ag0Z in dry air, humid air (dew point: -15 ℃), 1% NO/N2 and 2% NO2/dry
air gas streams at 150 ℃ for up to 6 months. The as-received AgZ pellets are in white and yellowish color, and the unaged Ag0Z pellets
are in brown color.
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Figure 4-2. I2 adsorption on unaged Ag0Z and Ag0Z aged in (a) dry air, (b) humid air (dew point:
-15 ℃), (c) 1% NO/N2, (d) 2% NO2/dry air at 150 ℃ for different aging times. The arrows ( ↓or↑ )
indicate positions where I2 vapor was stopped to start desorption of I2.
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The aging in humid air stream resulted in a decrease in iodine loading capacity to roughly
5 wt.%, indicating a greater aging effect than the dry air stream. A decrease from 12.3 wt.% to ~5
wt.% is observed after one week of aging, and the capacity maintained at the same level with
extended aging times up to 6 months. This reveals an increased degradation rate when water is
presented in the air stream. Serious aging effects are observed with the Ag0Z aged in both NO and
NO2 streams. The iodine adsorption capacity eventually decreases to less than 1 wt.%, indicating
a nearly complete degradation. It is noteworthy that Ag0Z has significantly faster iodine capacity
loss in the NO2 stream, with capacity decreasing to ~5 wt.% in only 12 minutes and to ~1 wt.% in
5 hours. This result indicates that NO2 in the spent nuclear fuel reprocessing off-gas streams will
be a significant issue and must be properly managed when using Ag0Z columns for iodine capture.
The decrease of maximum iodine capacity (normalized) as a function of aging time are
summarized in Figure 4-3. In agreement with previous results,84,86 aging in a dry air stream leads
to a ~40% capacity decrease over 6 months. Aging in humid air results in a ~50% capacity
decreases, which is less than that reported previously (~60% decrease).86 This difference should
be due to the fact that the dew point of the humid air in this study (DP -15 ℃) is lower than that
in the previous study (DP 0 ℃). It is reasonable to expect that the lower concentration of water
used in the current study would result in a more modest deactivation. Nevertheless, results in
Figure 4-3 indicate that the aging of Ag0Z in humid air occurs much faster than in dry air with the
capacity dropping to an equilibrium within 1 week.
Results for the 1% NO/N2 stream in this study are not directly comparable with those
reported previously with 1%NO/air,57 even though the capacity loss of Ag0Z are similar. Blending
NO with an air carrier gas would form NO2 in the reactor, inducing a different aging mechanism
than 1% NO in an inert N2 carrier gas. Instead, the results of 1% NO in air can be compared with
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the current results for 2% NO2 in air reported in this work. A more significant aging effect and a
faster degradation rate are observed in the current work with the 2% NO2/air stream compared
with the static 2% NO2/air environment reported in the previous study.60 The results obtained from
the current experiments should better reveal the behavior of the material during the off-gas
treatment compared to the results obtained from batch experiments. To summarize, in terms of
iodine adsorption capacity loss the results reveal the aging effects of the studied gases in the order
of 2% NO2/air = 1% NO/N2 > humid air (DP -15 ℃) > dry air, and a degradation rate in the order
of 2% NO2/air > 1% NO/N2 > humid air (DP -15 ℃) > dry air.
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Figure 4-3. Change of iodine adsorption capacity of Ag0Z (normalized) over aging time.
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4.3. Aging Mechanisms on Ag0Z
4.3.1. Characterization
Scanning Electron Microscopy (SEM)
SEM backscattered electron images for unaged AgZ, Ag0Z and aged Ag0Z in dry air, humid
air (d.p. -15 ℃), 1% NO/N2 and 2% NO2/dry air for 1 month are shown in Figure 4-4. Small
particles are observed on the mordenite crystal surface as shown in Figure 4-4 (B). White dots in
the image indicates that they comprise elements of higher atomic mass than the Al, Si and O that
comprise the zeolite framework. According to the chemical composition of Ag0Z,63 these particles
are necessarily composed of Ag atoms. This observation is in agreement with previous works that
indicate Ag ions (Ag+) in AgZ are reduced to Ag0 upon reduction in H2 with concomitant migration
to the mordenite surface and formation of aggregate clusters.81 This is also consistent with their
absence in the image of AgZ (Figure 4-4 (A)). The observed diameter of the Ag0 particles ranged
from 0.1 to 1.2 μm. While we expect particles smaller than 0.1 μm also exist, they cannot be
observed under the current magnification. Although the I2 loading capacity of Ag0Z aged in dry
air and humid air are decreased (Figure 4-3), a significant amount of Ag0 particles are observed
on the surface of aged Ag0Z in dry air (Figure 4-4 (C)) and humid air (Figure 4-4 (D)). It is
because a reduction in amount or size of the Ag0 particles cannot be quantitively observed by the
SEM images. In contrast, Figure 4-4 (E) and Figure 4-4 (F) show that Ag0 particles were
disappeared after aged in 1% NO/N2 and 2% NO2/dry air; a few observed on the aged Ag0Z in 1%
NO/N2. These results support I2 capacity losses on the Ag0Z shown in Figure 4-3. The uniform
brightness of the mordenite crystals in the Ag0Z aged in 1% NO/N2 and 2% NO2/dry air indicates
that there are no large crystals of Ag in other chemical forms, such as AgNO3 or Ag2O, on the
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surface. These results are consistent with those of I2 adsorption data (Figure 4-3) and XRD
analyses.

Figure 4-4. Scanning Electron Microscopy (SEM) images. (A) AgZ; (B) Ag0Z; (C) Ag0Z aged in
dry air for 1 month; (D) Ag0Z aged in humid air for 1 month; (E) Ag0Z aged in 1% NO/N2 for 1
month; (F) Ag0Z aged in 2% NO2/dry air for 1 month.
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X-ray Powder Diffraction (XRD)
XRD patterns for the AgZ, Ag0Z and aged Ag0Z in different gas streams including dry air
and humid air (dew point: -15 ℃),1% NO/N2 and 2% NO2/dry air are placed in Figure 4-5. The
as-received AgZ exhibits a typical pattern at 10° < 2θ < 36° for mordenite crystals. The patterns
of Ag0Z have two additional peaks at 2θ = 38.2° and 2θ = 44.3° corresponding to Ag crystals. This
is in good agreement with the formation of Ag particles in Ag0Z during the reduction in H2. It also
confirms that the particles observed in the backscattered electron images in Figure 4-4 are metallic
Ag particles. Decreasing intensity of Ag crystal peaks is observed with all aged Ag0Z in gas
streams used in this study, indicating that the amount of Ag0 decreased during the aging process.
This suggests that the Ag0 was oxidized to other chemical forms when exposed to the gas streams.
It is noted that the decrease in the quantity of Ag0 in the aged Ag0Z is consistent with the decrease
in iodine adsorption capacity shown in Figure 4-3. This indicates that I2 is adsorbed only by
reaction with the Ag0 particles and the oxidized Ag+ is not reactive or available to I2. Furthermore,
all aged Ag0Z have the similar patterns for mordenite crystal as in Ag0Z and AgZ, indicating that
the crystal structure of mordenite is not affected by the aging process.
The XRD patterns also indicate that the aging gases have different oxidation effects on the
Ag0 particles in Ag0Z. A portion of the silver in the Ag0Z aged in dry air and humid air remained
as Ag0, whereas all the Ag was oxidized when the Ag0Z was exposed to 1% NO/N2 and 2%
NO2/dry air streams, which are consistent with the observations in the backscattered electron
images shown in Figure 4-4. Besides, no additional characteristic peaks for crystals of Ag
compounds (e.g. Ag2O or AgNO3) are observed on the patterns of aged Ag0Z, which is also
consistent with the observations in Figure 4-4. However, it is possible that Ag2O exists as
molecular species or small clusters, and thus are not detectable by the XRD.
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Figure 4-5. XRD patterns of unaged AgZ, unaged Ag0Z and aged Ag0Z in dry air (A), humid air ((B), dew point: -15 ℃)), 1% NO/N2
(C) and 2% NO2/dry air (D) at 150 ℃.
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X-ray Photoelectron Spectroscopy (XPS)
XPS spectra for the AgZ, Ag0Z and aged Ag0Z in dry air, humid air, 1% NO/N2 and 2%
NO2/dry air for 1 month and 2 months are shown in Figure 4-6. The results show that all samples
have identical chemical compositions of Al, Si and O, which when interpreted self-consistently
with the aforementioned XRD results, confirm that the aging process does not impact on the
chemical structure of mordenite crystals. The surface Ag content, however, does vary as a function
of exposure gas and time. This indicates that the aging in different gas streams results in the
different chemical composition and location of Ag.
Ag 3d spectra for Ag standards and the Ag0Z and the aged Ag0Z samples are shown in
Figure 4-7. The binding energy (BE) of Ag 3d5/2 measured for AgZ was 368.4 eV, and it shifted
to 367.6 eV when the Ag+ in AgZ was reduced and formed Ag0 particles in Ag0Z. It is noted that
the Ag 3d5/2 BE for the Ag0 particles in Ag0Z is different to that for Ag foil standard (368.2 eV),
which should be attributed to the chemical/physical environment of the Ag0 particles as they locate
in the macropores of the Ag0Z.82 These Ag 3d5/2 BEs are in agreement with those reported by
Aspromonte et al.113 An increasing Ag 3d BE is noted when Ag0Z was aged in aging gas streams
used for this study. As highlighted in Figure 4-7, it shifts towards the Ag 3d BE for Ag2O (368.3
eV), AgNO3 (368.1 eV) and AgZ (368.4 eV). Since no significant Ag2O and AgNO3 are detected
by the XRD and XPS, this result suggests that the Ag0Z was mainly oxidized back to AgZ when
being aged in gas streams including dry air, humid air, 1% NO/N2 and 2% NO2/dry air. Combining
the results from SEM and XRD, it is most likely that the Ag particles are dispersed during the
aging process. That is, the oxidized Ag (Ag+) migrated back to the mordenite pores and channels,
resulting in the same oxidation state as in AgZ. Since dry air and humid air are not as strong
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oxidants as NOx, a portion of silver remained as Ag particles, and accordingly, the Ag 3d BEs for
the aged samples in dry air and humid air are in between AgZ and Ag0Z.

Figure 4-6. XPS spectra of AgZ, Ag0Z and Ag0Z aged in dry air, humid air (dew point: -15 ℃),
1% NO/N2 and 2% NO2/dry air at 150 ℃ for 1 month and 2 months.
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Figure 4-7. XPS spectra (Ag 3d core-level) of Ag standards, AgZ, Ag0Z and aged Ag0Z in dry air
and humid air (dew point: -15 ℃), 1% NO/N2 and 2% NO2/dry air at 150 ℃ for 2 months.
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4.3.2. Aging mechanism
The results obtained from the I2 adsorption experiments and chemical/physical analyses
using SEM, XRD and XPS lead to a conclusion that the aging processes of the Ag0Z in dry air,
humid air, 1% NO/N2 and 2% NO2/dry air are taken place through a mechanism of Ag oxidation
followed by migration of Ag+ back to the pores and channels of mordenite crystalline framework,
which means that the Ag0Z is oxidized back to AgZ when exposed to gas streams used in this
study. Similar phenomena of Ag cluster dispersion in microporous zeolites including Y zeolite,114
ZSM-5,115 SAPO-5115 and MFI116 were also observed in previous studies. These studies showed
that the degree of dispersion is related to the number and strength of Bronsted acid sites in the
supporting zeolite and experimental conditions. The mordenite used in this study could have high
Bronsted acid strength and density owing to the low Si:Al ratio (5:1),117,118 and therefore the degree
of Ag particles dispersion could be high.
Prevous study119 and the SEM results in this study indicate that there is a wide distribution
of the Ag particle size from nanoparticles and large particles in Ag0Z. This size distribution is
because of the high temperature (400 ℃) and long time (24 hours) used for reduction of AgZ to
Ag0Z; it allowed aggregation of Ag nanoparticles into large particles.81 It should also be caused by
the difference in the size of Ag-exchanged mordenite crystals in the AgZ pellets, since there is
more Ag in a larger AgZ crystal which can aggregate into a larger Ag particle. When the Ag
particles are exposed to the aging gases used in this study, small Ag particles disperse more rapidly
after being oxidized, while the larger Ag particles require more severe oxidation conditions, such
as high temperature and gas concentrations, and strong oxidants to be fully oxidized and then
dispersed. This explains the significant amount of larger Ag particles observed on the SEM images
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for the aged Ag0Z in dry air and humid air, while Ag particles in the aged Ag0Z in 1% NO/N2 and
2% NO2/dry air are not observed.
Based on experimental results and material characterizations, it was found that the aging
processes on Ag0Z occur through the Ag oxidation followed by the migration of Ag+ into the pores
or channels of mordenite crystalline framework. Thus, the pathways of the aging processes can
be expressed as in the following steps, as previously observed and reported130; firstly, Ag0 is
oxidized to Ag+ by oxygen which has existed in air gas streams, then the oxidized Ag+ migrated
into the pores of mordenite crystalline structure from the surface. After that, Ag+ was bound to the
mordenite crystalline structure through substitution with hydrogen. Finally, the generated
hydrogen produced water by binding with oxygen or hydroxide. The aging processes on Ag0Z in
dry air, humid air, 1% NO/N2 and 2% NO2/dry air gas streams are summarized in Figure 4-8. The
different aging effects of gas streams on the Ag0Z should be due to the different oxidation reactions
of Ag0. In other words, the aging effects depend on the strength of the oxidants. The subsquent
migration process for Ag+ into the pores or channels and binding to the mordenite crystallline
framework should be identical in all gas streams.
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Figure 4-8. Mechanisms of Ag0Z aged in dry air, humid air, 1% NO/N2 and 2% NO2/dry air gas
streams; the framework represents the crystal structure of mordenite.
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In dry air as shown in Equation (4) ~ Equation (8), Ag0 is oxidized by O2 in dry air to Ag+
on the surface of the mordenite, then Ag+ is migrated into the pores and bound to the crystalline
structure in mordernite through a subtitution reaction with H+. The replaced H+ was bound to the
O2- in order to produce H2O. The different influences of the aging gas streams on Ag0Z should
depend on the different oxidation reactions of Ag0Z. That is, the aging effects rely on the strength
of the oxidants. The subsequent migration process, which is reaction (5) - reaction (7) can be
similar for the aging process in all studied gas streams. Considering the similar reactions (5) reaction (7) in all the gas streams and the faster aging process in 2% NO2/dry air (Figure 4-3)
which shows the lowest iodine capacity loss after 1 month, it can be concluded that the aging
processes in all gas streams used in this study are controlled by the oxidation reaction as shown in
Equation (4) for dry air.

𝑂

4𝐴𝑔 ⎯⎯⎯ 4𝐴𝑔
𝐴𝑔

𝐴𝑔

𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛: 𝑂

2𝑂

⎯⎯⎯ 𝐴𝑔

𝐻𝑍 ⎯⎯⎯

𝐴𝑔𝑍

2𝐻

𝑂

4𝐴𝑔

4𝐻𝑍 ⎯⎯⎯ 4𝐴𝑔𝑍

4
5

𝐻

⎯⎯⎯ 𝐻 𝑂

6
7

2𝐻 𝑂

8

Where Z representes mordenite, the subscript 𝑠 denotes the Ag+ on the external surface and
𝑝 denotes the Ag+ in the pores and channels of mordenite crystals.

In addition, Nan120 previously studied water adsorption on Ag0Z which indicates that it
only takes a few hours for water vapor to saturate the Ag0Z, while the humid air aging process on
48

Ag0Z conducted in this study takes weeks or months. This means that the aging reaction is much
slower than water diffusion into the Ag0Z pores. Therefore, diffusion is not considered as a rate
controlling factor herein. The overall reaction, Eqn. (8), is proposed for the oxidation process of
Ag cluster which is a similar reaction as described by previous studies.116,122
In case of the aging process with humid air, an air stream containing water can promote
the oxidation process based on experimental data and material analyses. The oxidation of Ag to
Ag+ with humid air takes place faster than with dry air by forming OH- instead of O2-. The
migration of Ag+ and formation of H2O can be formed through a similar pathway in dry air as
shown Equation (10) - Equation (12). The overall reaction shown in Equation (13) is the same as
that in dry air, but is catalyzed by water. Therefore, it can be expected that the effect of humid air
on Ag0Z will increase as the water vapor concentration increases.
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As for 1% NO/N2 aging process, the main process of Ag particle oxidation in the Ag0Z by
1% NO/N2 is suggested by Equation (14) ~ Equation (18). Through the redox reaction, Ag particles
are oxidized to Ag+ and dispersed, and NO is reduced to N2.115,121 Although a small amount of
AgNO3 is detected in the NO aged Ag0Z, it is unlikely to be the product of the main oxidation
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process. The formation AgNO3 may be due to the nitration of a few Ag particles (Equation (19))
that somehow could not disperse.
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Similarly, the aging of the Ag0Z in 2% NO2/dry air is suggested to proceed through the
reactions shown in Equation (20) ~ Equation (24). The redox reaction in Equation (20) is consistent
with that during the SCR-deNOX process.115,116 AgNO3 was also detected on the NO2 aged Ag0Z,
which should be produced through the reaction in Equation (25). The experimental results reveal
fast aging kinetics of Ag0Z in the 2%NO2/dry air stream at 150 ℃, which occurs in minutes.
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4.4. Kinetics
4.4.1. Effects of aging time and temperature
Figure 4-3 shows the effects of dry air, humid air (dew point: -15 ℃), 1% NO/N2 and 2%
NO2/dry air on the performance of Ag0Z at 150 ℃ for up to 6 months. Especially, the aged Ag0Z
in dry air, humid air (d.p. -15 ℃), 1% NO/N2 and 2% NO2/dry air showed a significant decrease
of iodine loading capacities. For instance, the aged Ag0Z in dry air, humid air, 1% NO2/N2 and 2%
NO2/dry air for 1 month had a capacity loss for iodine by 34.7%, 49.4%, 90.0% and 92.9%,
respectively. These results showed that 2% NO2/dry air has the most adverse impact on iodine
loading capacity of the Ag0Z.
To obtain insight of the kinetics of aging on Ag0Z, aging experiments under different
conditions including time (10 minutes to 1 month, depending on the gas streams), temperatures
(100 ℃ to 200 ℃) and water vapor concentrations (d.p. -40 ℃ to +15 ℃) were performed.
Iodine loading data of each aged Ag0Z sample in studied gas streams was obtained using
the same continuous flow aging system (Figure 3-4) and iodine adsorption system (Figure 3-5),
and compared with the data of deactivation from the chemical analyses because the iodine capacity
loss should be consistent with the amount of Ag which was oxidized. Figure 4-9 shows the kinetic
data of iodine loading capacities on the Ag0Z aged in different gas streams including dry air and
humid air (d.p. -40 ℃, -15 ℃ and +15 ℃) at different temperatures (100 ℃, 150 ℃ and 200 ℃)
for from 10 munites to 1 month. The kinetic data shown in Figure 4-9 indicated that iodine loading
capacities on the aged Ag0Z decreased with increasing aging temperatures and time when exposed
to off-gas streams, which mean that dry air and humid air have a negative impact on the iodine
loading capacity of Ag0Z. For example, iodine loading capacities on Ag0Z aged in dry air (Figure
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(A)) decreased by 15.5%, 34.8% and 36.4% at 100 ℃, 150 ℃ and 200 ℃ after 1 month (720
hours), respectively. Iodine loading capacities on Ag0Z aged in humid air (d.p. -15 ℃, Figure (B))
decreased by 42.4%, 44.8% and 58.2% at 100 ℃, 150 ℃ and 200 ℃ after 3 days (72 hours),
respectively. Figure (C) indicates the effect of water vapor concentration on iodine loading
capacity of Ag0Z; iodine loading capacities were decreased by 34.8% (d.p. -40 ℃), 44.8% (d.p. 15 ℃) and 56.3% (d.p. +15 ℃) at 150 ℃ after 3 days (72 hours). Results in Figure 4-9 (B) and
(C) show that the effect of humid air increases with increasing temperatures and water vapor
concentrations. The aging processes for short periods of time are sensitive to time, so some aging
experiments were repeated to make sure of reliabilities of the results, and marked with standard
error bars in Figure 4-9.
Iodine loading capacities on Ag0Z aged in 1% NO/N2 (Figure 4-9 (D)) decreased by 60.8%,
59.0% and 62.4% at 100 ℃, 150 ℃ and 200 ℃ after 1 month (720 hours), respectively. Figure 49 (E) shows that iodine loading capacities on Ag0Z aged in 2% NO2/air decreased by 87.5%, 88.9%
and 91.2% at 100 ℃, 150 ℃ and 200 ℃ after 5 hours, respectively. These results indicated that
the iodine capacity of aged Ag0Z decreases with increasing aging temperature and increasing aging
time when exposed to off-gas streams. This means that dry air, humid air, 1% NO/N2 and 2%
NO2/air have a negative impact on the iodine loading capacity of Ag0Z.
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Figure 4-9. Kinetic data on I2 adsorption capacity of Ag0Z aged in dry air (A), humid air (B), humid
air with different water vapor concentrations at constant temperature (C), 1% NO/N2 (D) and 2%
NO2/air (E) for different aging times (up to 1 month, 720 hours) and at different temperatures (100 ℃
~ 200 ℃).
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4.4.2. Modeling
As mentioned through the kinetic data and chemical analysis above, aging processes in dry
air and humid air are controlled by the oxidation reaction. The aging experiments were conducted
under a continuous flow system such that the concentrations of gas streams were constant during
the aging processes. Accordingly, the pseudo reversible reaction model was applied to describe
the kinetics of aging processes on Ag0Z. For the modeling work, the correlation coefficient (R2)
was used to evaluate the goodness of fit between experimental data and model results. According
to the modeling results, pseudo 1st order reversible reaction models for aged Ag0Z in dry air and
humid air at different aging temperatures (100 ℃, 150 ℃ and 200 ℃) and different water vapor
concentrations (d.p. -40 ℃, -15 ℃ and +15 ℃) for up to 2 weeks are placed in Figure 4-10 which
are incorporated with the kinetic data shown in Figure 4-9.
Modeling results on the aged Ag0Z in dry air at different temperatures for different aging
times are shown in Figure 4-10 (A). Equation (26) represents a reaction equation for a kinetic
model on the aged Ag0Z in dry air shown in Figure 4-10 (A). 𝐶

is the normalized concentration

of silver which indicates the amount of I2 loaded on the aged Ag0Z, 𝐶
oxygen in dry air, 𝐶

is the concentration of silver oxidized by oxygen in dry air, 𝑛 is the

reaction order, 𝑘 is the forward reaction rate constant and 𝑘
Here, 𝑘 and 𝐶

is the concentration of

are lumped into 𝑘

during the aging experiment. 𝐶

∗

is the reverse reaction rate constant.

because the gas concentration was constant all the time

can be calculated by subtracting the amount of I2 loaded on the

aged Ag0Z from the amount of I2 loaded on the unaged Ag0Z. The model parameters of all reaction
models and correlation coefficients (R2) between experimental data and model results are shown
in Table 4-1. These results indicate a model is fitted to experimental data well when n

1 with
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strong correlation coefficient (for example, R2 = 0.988 at 150 ℃) using Equation (3), which means
the Pseudo 1st order reversible reaction model fits experimental data (Figure 4-10 (A)). These
results are consistent with experimental data (Figure 4-9) that the aging effects of gas streams on
Ag0Z increase with increasing aging time and temperatures.

𝐴𝑔 ⎯⎯ 𝐴𝑔
𝑑𝐶
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𝑑𝑡

∗

𝑘 𝐶

𝑘 𝐶
𝑘 ∗𝐶

𝑘 𝐶

𝑓𝑜𝑟 𝑛

1

Modeling results on the aged Ag0Z in humid air with different temperatures, aging times
and water vapor concentrations are placed in Figure 4-10 (B) and (C). A reaction equation for the
model is provided in Equation (27). Considering the results of correlation coefficient to each order
model with the model results, when n

1, model results show good fitting to experimental data.

,
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𝐶
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1
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𝐶

and 𝐶

are the concentrations of water vapor and oxygen in humid air, 𝑘 is the

reaction rate constant, 𝑘
𝑘 ,𝐶

and 𝐶

is the reverse reaction rate constant and 𝑛 is the reaction order. Here,

are lumped into 𝑘 ∗ , and m is the power of the water vapor concentration

determined by a exponential curve expressed by 𝑘

∗

versus 𝐶

as shown in Figure 4-11 (m =

0.20). These modeling results indicate that the pseudo 1st order reversible reaction model fits
experimental data (For example, R2 = 0.985 at 150 oC) with similar approach to the model result
of dry air aged Ag0Z.
Modeling results for Ag0Z aged in 1% NO/N2 at different temperatures and aging times are
plotted in Figure 4-10 (D). A reaction equation for the model is provided in Equation (28).
Considering the correlation coefficient for each order model, modeling results show good fitting
to experimental data when n

1. Here, 𝐶

is the concentration of NO, and 𝑘 and 𝐶

are

lumped into 𝑘 ∗ . These modeling results indicate that the pseudo 1st order reversible reaction
model fits well the experimental data (R2 = 0.920 at 150 oC) using an approach that is similar to
the model for dry air and humid air aged Ag0Z.
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Modeling results for Ag0Z aged in 2% NO2/dry air at different temperatures and aging
times are plotted in Figure 4-10 (E). A reaction equation for the model is provided in Equation
(29). A pseudo irreversible reaction model was employed to describe the kinetics of the 2% NO2
aging process for Ag0Z. Here, 𝐶

is the concentration of NO2, and 𝑘 and 𝐶

are lumped into

𝑘 ∗ . Modeling results indicate that the model is well fitted (R2 = 0.994 at 150 ℃) to experimental
data when n

2, which suggests that the pseudo 2nd order irreversible reaction model fits the

experimental data.

𝐴𝑔 ⎯⎯⎯⎯ 𝐴𝑔
𝑣

𝑑𝐶
𝑑𝑡
𝑘

𝑣

∗

𝑑𝐶
𝑑𝑡

29

𝑘 ∗𝐶
𝑘 𝐶
𝑘 ∗𝐶

𝑓𝑜𝑟 𝑛

2

57

Figure 4-10. Pseudo reaction models for Ag0Z aged in dry air (A), humid air (B), humid air with
different water vapor concentrations (C), 1% NO/N2 (D) and 2% NO2/air (E) at different aging
temperatures and times.
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Figure 4-11. Power function curve between reaction rate constant ( 𝑘1 ∗ ) and water vapor
concentration (𝐶

2

).
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Table 4-1. Variables and Model Parameters for the Pseudo Reaction Model on the Aged Ag0Z in the Different Gas Streams
T
o

( C)

D.P.
o

CH₂O

CO₂
3

CNO
3

k1*

CNO₂
3

3

-1

k1
3 -1

k-1
-1 a

-1

R2

( C)

(mol/m )

(mol/m )

(mol/m )

(mol/m )

(hr )

((mol/m ) ꞏhr )

(hr )

100
150
200
Humid air

-70
-70
-70

-

8.59
8.59
8.59

-

-

8.36E-4
1.32E-3
2.14E-3

9.73E-5
1.53E-4
2.4E-4

4.55E-3
2.01E-3
3.68E-3

0.997b
0.988b
0.999b

100
150
150
150
200
1% NO

-15
-40
-15
+15
-15

0.067
0.005
0.067
0.687
0.067

8.59
8.59
8.59
8.59
8.59

-

-

0.323
0.272
0.456
0.716
0.403

0.064a
0.090a
0.090a
0.090a
0.080a

0.537
0.644
0.667
0.688
0.429

0.974b
0.982b
0.985b
0.982b
0.953b

100
150
200
2% NO2

-

-

-

0.409
0.409
0.409

-

5.63E-3
0.012
0.016

0.014
0.029
0.039

4.22E-3
0.011
0.012

0.920b
0.920b
0.965b

-

-

-

-

0.818
0.818
0.818

3.168
6.238
8.427

3.873
7.626
10.302

-

0.995c
0.994c
0.986c

Dry air

100
150
200
a

(mol/m3)-1.20ꞏhr-1 for humid air
b
for n = 1 in Equation (26), Equation (27) and Equation (28).
c
for n = 2 in Equation (29)
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4.5. Conclusions
The aging processes on Ag0Z in dry air and humid air as off-gas streams from the spent
nuclear fuel reprocessing system were studied. Iodine loading capacity of Ag0Z after being aged
in gas streams including dry air, humid air (d.p. -40 ℃, -15 ℃ and +15 ℃), 1% NO/N2 and 2%
NO2/dry air at 100 ℃, 150 ℃ and 200 ℃ for up to 6 months were obtained. For instance, iodine
loading capacity of Ag0Z aged in dry air, humid air (d.p. -15 ℃), 1% NO/N2 and 2% NO2/dry air
at 150 ℃ for 1 month decreased by roughly 35%, 50%, 90% and 93%, respectively, which indicate
that 2% NO2/dry air has the most adverse impact on the performance of the Ag0Z. Besides, aging
temperatures and times are key factors to be considered in the spent nuclear fuel reprocessing
system, which have negative influences on the Ag0Z; iodine loading capacity was decreased with
increasing aging temperatures and time.
The aging mechanisms of Ag0Z in dry air, humid air, 1% NO/N2 and 2% NO2/dry air were
suggested with SEM, XRD and XPS analyses. It was found that the mechanism includes the
following steps; (1) oxidation of Ag0 to Ag+, (2) migration of Ag+ from the surface to the
pores/channels of mordenite crystals, (3) binding of Ag+ within the zeolite framework by replacing
the H and (4) binding of the generated H+ with O2- or HO- producing H2O. In addition, given that
similar reactions in all the gas streams used in this study and faster aging process occur in 2%
NO2/dry air gas stream than other gas streams, the kinetics of the overall aging process were most
likely controlled by the oxidation reaction of Ag0.
Furthermore, the Pseudo reaction model with the oxidation reaction of Ag0 from dry air
and humid air aging processes is capable to describe the kinetics of deactivation on Ag0Z. The
results of iodine loading capacity and model fitting reveal that the Ag0Z lost a significant iodine
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capacity when being exposed to dry air, humid air, 1% NO/N2 and 2% NO2/dry air. While the
kinetics of the aged Ag0Z in dry air, humid air, 1% NO/N2 and 2% NO2/dry air were suggested in
this study, future work should be involved not only in further understanding of the aging processes
in gas mixture of dry air, humid air and NOx gas streams but in ascertaining alternative adsorbents
which are tolerant to dry air, humid air, 1% NO/N2 and 2% NO2/dry air as off-gas streams. These
studies will be covered in the next chapters.
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Chapter 5. Aging in Off-Gas Streams and Iodine Adsorption on Aged Ag0Aerogel§
5.1. Introduction
In previous chapter, aging effects of gas streams including dry air, humid air, 1% NO/N2
and 2% NO2/dry air on Ag0Z, which is a well-known material to effectively capture gaseous iodine
released from the spent nuclear fuel reprocessing system, were reported. The results, however,
showed that the Ag0Z was affected by off-gas streams, especially by humid air and NOx gas
streams. It means that the Ag0Z is not tolerant to the humid air and NOx gas streams.
Silver-functionalized silica aerogels (Ag0-aerogel) have been introduced as a
representative adsorbent which can effectively capture gaseous iodine and has high resistance to
toxic gases. Various studies on Ag0-aerogel have been reported including mechanisms and
performances on iodine loading capacity.
In previous studies, several researchers performed investigations on Ag0-aerogel which
could capture gaseous iodine effectively in the form of crystalline AgI. Ag0-aerogel developed by
Matyáš et al.5,77-80 can be another alternative to remove iodine effectively from the off-gas streams
of spent nuclear fuel reprocessing plants due to its characteristics, such as a high surface area,
mesoporous pore volume, durability for long period exposure to gaseous iodine and high sorption
capacity of gaseous iodine.5,77-80 Silver-functionalized silica aerogel (Ag0-aerogel) is made by

§Permission

granted by Elsevier to use the text and figures of a published article131 in this chapter.

131. Choi, S.; Nan, Y.; Tavlarides, L. L., Aging Kinetics on Silver-Functionalized Silica Aerogel in Off-Gas Streams including
Dry Air, Humid Air, NO and NO2. Chemical Engineering Journal Advances 2021, 8, 100191.
https://doi.org/10.1016/j.ceja.2021.100191.
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bonding metallic silver ion with thiol functionalized silica aerogel; the thiol functional group is
used as a connecting agent by bonding to silica aerogel.
In efforts to understand the long term behaviors of Ag0-aerogel in spent nuclear fuel
reprocessing off-gas treatment, a number of aging studies on Ag0-aerogel59,87,89,90,92,93,101 have been
done including mechanisms and kinetics for extended periods of time up to 6 months. Their studies
showed the iodine loading capacities of Ag0-aerogel aged in gas streams at 150 ℃ lasted for up to
6 months. For example, Ag0-aerogel lost 22% of iodine loading capacity when exposed to dry air
and humid air for 6 months, respectively, and lost 43% and 15% of iodine loading capacities after
exposure to 1% NO and 2% NO2 for 2 months, respectively. These studies showed that off-gas
streams had negative impacts on the performance of silver containing adsorbents over extended
periods of time. However, it was not clear why the iodine loading capacities on Ag0-aerogel were
decreased with the exposure time to off-gas streams.
Physical and chemical analyses including scanning electron microscopy (SEM), X-ray
photoelectron spectroscopy (XPS) and X-ray powder diffraction (XRD) were performed to
determine the mechanisms of the aging processes on Ag0-aerogel. It was found that Ag0 was
oxidized to Ag2S or Ag2SO4 under aging gas streams used in this study. The aim of this study is
to understand aging processes of the Ag0-aerogel and to develop an appropriate kinetic model to
predict the aging effect of off-gas streams on the Ag0-aerogel. To better understand the impact of
off-gas streams including dry air, humid air, 1% NO/N2 and 2% NO2/air on the Ag0-aerogel, the
kinetic studies of the aging processes on the Ag0-aerogel in off-gas streams were conducted under
experimental conditions including aging time (up to 6 months) and aging temperatures (100 ℃ to
150 ℃). In addition, to provide insight of the kinetics of the Ag0-aerogel aged in off-gas streams,
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iodine adsorption experiments on aged Ag0-aerogel were performed, and an appropriate reaction
model is also recommended to predict the aging effects on the Ag0-aerogel.

5.2. Aging Effects and I2 adsorption on Aged Ag0-Aerogel
The aging of Ag0-aerogel under the studied conditions resulted in different physical and
chemical changes compared to Ag0Z. As shown in Figure 5-1, original Ag0-aerogel particles are
in black with yellow spots. The Ag0-aerogel aged in dry air, humid air and 1%NO/N2 changed to
complete black with a trace of gray color, and the Ag0-aerogel aged in 2% NO2/air turned to a
white color after 1 month of aging. It was noted that color change of the NO aged Ag0-aerogel was
different to that of Ag0Z which changed from dark brown to white. In addition, the inconsistent
color change of NO2 aged Ag0-aerogel particles should be due to the situation that the original
Ag0-aerogel particles are not chemically/physically uniform.
Performance of the aged Ag0-aerogel for I2 adsorption are shown in Figure 5-2. The results
indicate that the Ag0-aerogel was more resistance to the aging gases compared to the Ag0Z. It
maintained significant amount of I2 adsorption capacity when exposed to dry air, humid air and 1%
NO/N2 up to 4 or 6 months. However, it lost majority of the I2 capacity after a 1-month exposure
to 2% NO2/air.
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Figure 5-1. Pictures of unaged Ag0-aerogel and aged Ag0-aerogel in dry air (dew point of -70 ℃), humid air (dew point of -15 ℃), 1%
NO/N2 and 2% NO2/air for up to 6 months.
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Figure 5-2. I2 adsorption on unaged Ag0-aerogel and Ag0-aerogel aged in (a) dry air, (b) humid air
(dew point: -15 ℃), (c) 1% NO/N2, (d) 2% NO2/dry air at 150 ℃ for different aging times. The
arrows ( ↓or↑ ) indicate positions where I2 vapor was stopped to start desorption of I2.
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The plot of capacity loss over exposure time on the aged Ag0-aerogel are presented in
Figure 5-3 which show iodine loading capacity on the Ag0-aerogel aged in dry air (d.p. < -70 ℃)
and humid air (d.p. -15 ℃) at 150 ℃ for up to 6 months (1 month ~ 6 months). Iodine loading
capacity of the Ag0-aerogel decreases after being aged in dry air, humid air, 1% NO/N2 and 2%
NO2/air. The aged Ag0-aerogel in dry air for 1 month indicates that iodine loading capacity
decreases to 32.11 wt.% from 36.38 wt.% (unaged Ag0-aerogel), and further decreases to 29.45
wt.% after being aged for 6 months. Iodine loading capacity of Ag0-aerogel aged in dry air for 2
and 4 months shows similar drops which indicate no further degradation occurs during aging
process over 1 month. A modest drop is observed after being aged for 6 months, but it could merely
be owing to an experimental deviation caused by material nonuniformity.
For the humid air aged Ag0-aerogel for 1 month, iodine loading capacity decreases to 29.77
wt.% which is dropping more than dry air. Further drops to 26.73 wt.% are observed after 6 months.
Compared to the dry air aged Ag0-aerogel, these results suggest that the degradation rate increases
as water is included in the air stream. For the aged Ag0-aerogel in 1% NO/N2, the result shows
28.05 wt.% of iodine capacity loss after exposure for 1 month, and less significant drops after 4
months (23.16 wt.%). Serious aging effect is observed with the aged Ag0-aerogel in 2% NO2/air.
The iodine loading capacity decreases to less than 2 wt.% after being exposed to 2% NO2/air for
4 months. It is noteworthy that Ag0-aerogel has considerably faster iodine capacity loss in the 2%
NO2/air with iodine capacity decreasing to 5 wt. % when exposed for 1 month.
The iodine capacity loss of the dry air aged and humid air aged Ag0-aerogel as a function
of aging time are in close agreement with previous studies83,88,101 which show that both dry air and
humid air streams result in 22% of iodine capacity losses over 6 months. However, the decrease
of maximum iodine loading capacity on 1% NO/N2 stream in this study is not directly comparable
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with a result studied previously with 1% NO/air (43 wt.% of iodine capacity loss after 2 month
exposure),83,101 which indicated much significant iodine capacity loss of Ag0-aerogel. It is because
blending NO with an air carrier gas would form NO2 in a reactor, causing a different aging
mechanism than 1% NO in an inert N2 carrier gas used in this study. Results for the 2% NO2/dry
air streams in the current study show a more significant aging effect and a faster degradation rate
than the static 2% NO2/dry air environment indicated in the previous studies,83,101 which shows 15
wt.% of iodine capacity loss after 4 months exposure. The results in the current study should better
reveal the behavior of the material during the off-gas streams treatment compared to those obtained
from batch experiments in the previous studies. To sum up, the results show the aging effect of
gas streams in the order of 2% NO2/dry air > 1% NO/N2 > humid air (d.p. -15 ℃) > dry air in
terms of iodine loading capacity loss. Even though Ag0-aerogel also lost most of the I2 adsorption
capacity after one month of aging in NO2, it was significantly more tolerant to NO2 compared to
Ag0Z which lost most of the capacity within 1 hour.
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Figure 5-3. Change of iodine adsorption capacity of Ag0-aerogel (normalized) over aging time at
150 ℃.
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5.3. Aging Mechanisms on Ag0-Aerogel
5.3.1. Characterization
X-ray Powder Diffraction (XRD)
Results of XRD analysis on the non-aged and aged Ag0-aerogel in different gas streams
including dry air, humid air (d.p. -15 oC), 1% NO/N2 and 2% NO2/dry air are shown in Figure 54. The patterns show shifts from Ag0 crystals on the non-aged Ag0-aerogel to Ag2S crystals on the
aged Ag0-aerogel when aged in dry air, humid air and 1% NO/N2 for up to 6 months (dry air and
humid air) and up to 4 months (1% NO/N2), and shifts to Ag2SO4 on the aged Ag0-aerogel when
exposed to 2% NO2/dry air for up to 4 months. The formation of Ag2S and Ag2SO4 should be
caused by the oxidation of the HS- (thiol functional group) on the surface of aerogel structure and
consequent reactions of S2- and SO42- with the Ag0 or Ag+, as previously observed and reported131.
The intensity of the Ag2S peaks on the dry air aged Ag0-aerogel patterns were not significant,
compared to those on the humid and NO aged sample patterns, due to less aging effect of dry air
on Ag0-aerogel. On the other hand, the intensity of the Ag2S peaks on the aged Ag0-aerogel in
humid air and 1% NO/N2 show more significant intensity than those of dry air aged Ag0-aerogel.
It supports the observation that humid air and 1% NO have more adverse impacts on iodine loading
capacity of Ag0-aerogel. The Ag2SO4 peaks on the aged Ag0-aerogel in 2% NO2/dry air appear the
most significant intensity, which means 2% NO2 has the most impact on iodine loading capacity
of Ag0-aerogel. These results are consistent with iodine loading capacity data in Figure 5-3 and
SEM results in Figure 5-5. In addition, there were no Ag2O or AgNO3 observed on the patterns.
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Figure 5-4. XRD patterns of Ag0-aerogel and aged Ag0-aerogel in dry air (A), humid air (d.p. 15 ℃, (B)), 1% NO/N2 (C) and 2% NO2/dry air (D) at 150 ℃.
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Scanning Electron Microscope (SEM)
The SEM secondary electron images of the age Ag0-aerogel (Figure 5-5) show the
formation of particles on the aerogel surface on the humid air, NO and NO2 aged samples. No
obvious particles were observed on the dry air aged samples, which could be due to the small
size/amount of the particles. It is in agreement with a previous study.88 For the humid air and NO
aged samples, the small particles were observed regionally on the aerogel surface (not found on
the entire aerogel surface). For the NO2 aged Ag0-aerogel, the surface was entirely covered by the
particles. Considering the results of XRD analyses, it is expected that the observed particles should
be Ag2S (humid and 1% NO/N2 aged Ag0-aerogel) and Ag2SO4 (2% NO2/dry air aged Ag0-aerogel)
caused by oxidation reactions of Ag particles with HS- on the surface of Ag0-aerogel structure
when exposed to dry air, humid air, 1% NO/N2 and 2% NO2/dry air.
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Figure 5-5. SEM images of Ag0-aerogel. (A) Ag0-aerogel; (B) Ag0-aerogel aged in dry air for 4 months at 150 ℃; (C) Ag0-aerogel aged
in humid air (d.p. -15 ℃) for 4 months at 150 ℃; (D) Ag0-aerogel aged in 1% NO/N2 for 4 months at 150 ℃; (E) Ag0-aerogel aged in
2% NO2/dry air for 4 months at 150 ℃.
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X-ray Photoelectron Spectroscopy (XPS)
XPS spectra for the Ag0-aerogel, aged Ag0-aerogel in dry air, humid air (d.p. -15 ℃), 1%
NO/N2 and 2% NO2/dry air for 2 months are placed in Figure 5-6 to describe changes in Ag
oxidation state of the aged Ag0-aerogel. Ag 3d spectra for Ag standards and the Ag0-aerogel and
the Ag0-aerogel samples aged in dry air, humid air, 1% NO/N2 and 2% NO2/dry air are shown in
Figure 5-6. The aged Ag0-aerogel in dry air, humid air and NO had similar shifts in Ag binding
energy. The binding energy (BE) of Ag 3d 5/2 measured for unaged Ag0-aerogel was 368.2 eV
which is the BE of Ag standard123-125, and it shifted to 368.1 eV which is the BE of Ag2S
standard123-125 when the Ag particles on the Ag0-aerogel was oxidized and formed Ag2S when
exposed Ag0-aerogel to dry air, humid air and 1% NO/N2. The aged Ag0-aerogel in 2% NO2/dry
air had a more significant spectral shift to 367.8 eV, which was consistent with the BE of Ag2SO4
standard.123-125 It is noted that the Ag 3d 5/2 BE for the Ag particles on the Ag0-aerogel is different
to that for the aged Ag0-aerogel in dry air, humid air, 1% NO/N2 and 2% NO2/dry air, which should
be attributed to the chemical/physical changes of the Ag particles during oxidation processes by
each gas stream. These results agreed well with the XRD results. As highlighted in Figure 5-6,
the BEs of Ag0-aerogel shift toward the BEs of Ag2S, Ag2SO4 and AgNO3 when exposed to gas
streams used in this study. Since no significant AgNO3 is detected by the XRD and XPS, this result
suggests that Ag particles on Ag0-aerogel structure were mainly oxidized to Ag2S when exposed
to dry air, humid air and 1% NO/N2 or Ag2SO4 when exposed to 2% NO2/dry air.
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Figure 5-6. XPS spectra (Ag 3d core-level) of Ag standards, Ag0-aerogel and aged Ag0-aerogel in
dry air, humid air (d.p. -15 oC), 1% NO/N2 and 2% NO2/dry air at 150 oC for 2 months; D-2mAg0-aerogel is for the aged Ag0-aerogel in dry air for 2 months, H-2m-Ag0-aerogel is for the aged
Ag0-aerogel in humid air for 2 months, NO-2m-Ag0-aerogel is for the aged Ag0-aerogel in 1%
NO/N2 and NO2-2m-Ag0-aerogel is for the aged Ag0-aerogel in 2% NO2/dry air.
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5.3.2. Aging mechanism
On the basis of experimental results and material analyses above, the aging processes of
the Ag0-aerogel in dry air, humid air (d.p. -15 ℃), 1% NO/N2 and 2% NO2/dry air take place
through the oxidation processes which is the oxidation of Ag0 to Ag2S or Ag2SO4. Similar
phenomena of Ag0 oxidation in the aging process of the Ag0-aerogel were observed in a previous
study.83,129 The pathway of the aging processes can be expressed by oxidation reactions of both
Ag particles and HS- functional groups, which were attached to aerogel surface. The HS- was
oxidized under the aging conditions and reacted with the Ag+ to form Ag2S or Ag2SO4. These
aging processes on Ag0-aerogel are summarized in Figure 5-7.
In dry air, humid air and 1% NO/N2 shown in Equations 30, 31 and 32, Ag2S is formed by
the oxidation reaction of HS- on the surface of aerogel structure and consequent reactions of S2with Ag+. Ag0 is oxidized by O2 (in dry air or humid air) or NO gas (in 1% NO/N2). In 2% NO2/dry
air shown in Equation 33, Ag2SO4 is formed by the oxidation reaction of HS- on the surface of
aerogel structure and consequent reactions of SO42- with Ag+. Ag0 is oxidized by NO2 gas (in 2%
NO2/dry air). These mechanisms are suggested from the results of XRD and XPS analyses which
indicated the products are Ag2S and Ag2SO4. It is postulated that a HO- is produced from the
oxidation of a HS-.
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Figure 5-7. Mechanisms of Ag0-aerogel aged in dry air, humid air, 1% NO/N2 and 2% NO2/dry air gas streams.
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5.4. Kinetics
5.4.1. Effects of aging time and temperature
Figure 5-3 showed the aging effects of dry air, humid air (d.p. -15 ℃), 1% NO/N2 and 2%
NO2/dry air on the performance of the Ag0-aerogel at 150 oC for up to 6 months. The aged Ag0aerogel in dry air, humid air (d.p. -15 ℃), 1% NO/N2 and 2% NO2/dry air resulted in decreases of
iodine loading capacities. Especially, 2% NO2/dry air showed the most adverse impact on iodine
loading capacity of the Ag0-aerogel. For instance, the aged Ag0-aerogel in 2% NO2/dry air at 150
o

C had a capacity loss for iodine by ~85% within 1 month. To obtain insight of the kinetics of

aging on the Ag0-aerogel, thus, aging experiments under different conditions including time (1 day
to 1 month) and temperatures (100 ℃ to 150 ℃) were performed.
Iodine loading data of each aged Ag0-aerogel sample were obtained and compared with the
data of deactivation from the chemical analyses shown above because the iodine capacity loss
should be consistent with the amount of Ag which was oxidized. Figure 5-8 shows the kinetic data
of iodine loading capacities on the Ag0-aerogel aged in different gas streams including dry air,
humid air (d.p. -15 ℃), 1% NO/N2 and 2% NO2/dry air at different temperatures (100 ℃, 125 ℃
and 150 ℃) for from 1 day to 1 month. The kinetic data indicate that iodine loading capacity on
the aged Ag0-aerogel decrease with increasing aging temperatures and time when exposed to offgas streams, which mean that dry air, humid air, 1% NO and 2% NO2 have a negative impact on
the iodine loading capacity of the Ag0-aerogel. For example, the iodine loading capacity on the
Ag0-aerogel aged in dry air (Figure 5-8 (A)) decreased by 7.5%, 14.9% and 19.7% at 100 ℃, 125 ℃
and 150 ℃ after 1 month, respectively. The Iodine loading capacity on Ag0-aerogel aged in humid
air (d.p. -15 ℃, Figure 5-8 (B)) decreased by 11%, 15.3% and 18.2% at 100 ℃, 125 ℃ and 150 ℃
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after 1 month, respectively. The Iodine loading capacity on Ag0-aerogel aged in 1% NO (Figure
5-8 (C)) decreased by 12.3%, 12.8% and 22.9% at 100 ℃, 125 ℃ and 150 ℃ after 1 month. Iodine
loading capacity on Ag0-aerogel aged in 2% NO2 (Figure 5-8 (D)) decreased by 44.6%, 58.8%
and 78.2% at 100 ℃, 125 ℃ and 150 ℃ after 2 weeks. These results revealed an aging effect of
NO2 > NO = humid air = dry air in terms of capacity loss, which shows NO2 has the most adverse
impact on the iodine loading capacity of the Ag0-aerogel over aging time and temperatures.
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Figure 5-8. Kinetic data on Ag0-aerogel aged in dry air (A), humid air (d.p. -15 ℃, (B)), 1% NO/N2
(C) and 2% NO2/dry air (D) for different aging times (up to 1 month) and at different temperatures
(100 ℃ ~ 150 ℃).
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5.4.2. Modeling
The kinetic data, chemical analyses and mechanisms discussed previoulsy showed that the
aging processes of Ag0-aerogel in all gas streams are the oxidation of Ag0 to Ag2S or Ag2SO4
which evolved from oxidation reactions of both Ag0 particles and HS- functional groups attached
to aerogel. The aging experiments in this study were conducted under a continuous flow system
such that the concentrations of gas streams were constant during the aging processes. Therefore,
the pseudo reversible reaction model was applied to describe the kinetics of aging processes on
Ag0-aerogel. For the modeling work, the correlation coefficient (R2) was applied to evaluate the
goodness of fit between experimental data and model results. Modeling results for aged Ag0aerogel in dry air, humid air (d.p. -15 ℃), 1% NO/N2 and 2% NO2/dry air at different aging
temperatures (100 ℃, 125 ℃ and 150 ℃) for up to 1 month are placed in Figure 5-9 which are
incorporated with the kinetic data shown in Figure 5-8.
Modeling results on the aged Ag0-aerogel in dry air at different temperatures for different
aging times are shown in Figure 5-9 (A). Equation 34 represents a reaction equation for a kinetic
model on the aged Ag0-aerogel in dry air shown in Figure 5-9 (A). The formation of Ag2S through
the reaction between Ag and HS- was described in previous study.129 𝐶

is the normalized

concentration of silver which indicates the amount of I2 loaded on the aged Ag0-aerogel, 𝐶
concentration of oxygen in dry air, 𝐶

is the concentration of silver oxidized by oxygen in dry

air, 𝑛 is the reaction order, 𝑘 is the forward reaction rate constant and 𝑘
rate constant. Also, 𝐶

and 𝐶

is the reverse reaction

are the concentration of HS- functional groups attached to

aerogel surface and the concentration of S- oxidized by oxygen in dry air. Here, 𝑘 and 𝐶
lumped into 𝑘

∗

is the

are

because the gas concentration was constant all the time during the aging
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experiment. 𝐶
terms of Ag0. 𝐶

and 𝐶

can be calculated by re-writing the stoichiometry in Equation 34 in

can also be calculated by subtracting the amount of I2 loaded on the aged Ag0-

aerogel from the amount of I2 loaded on the unaged Ag0-aerogel. The model parameters of all
reaction models and correlation coefficients (R2) between experimental data and model results are
shown in Table 5-1. These results indicate a model is fitted to experimental data well when n

1

with strong correlation coefficient (for example, R2 = 0.999 at 150 ℃) using Equation 3, which
means the Pseudo 1st order reversible reaction model fits experimental data (Figure 5-9 (A)).
These results are consistent with experimental data (Figure 5-8 (A)) that the aging effects of gas
streams on Ag0-aerogel increase with increasing aging time and temperatures.
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With similar approaches to the aged Ag0-aerogel in dry air, modeling results on the aged
Ag0-aerogel in humid air with different temperatures and aging times are placed in Figure 5-9 (B).
Reaction equations for the model are provided in Equation 35. Considering the results of
correlation coefficient to each order model with the model results, model results show good fitting
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1 for humid air aged Ag0-aerogel. 𝐶

to experimental data when n

concentrations of water vapor and oxygen in humid air, and 𝐶
oxidized by humid air. Also, 𝐶

and 𝐶

is the concentration of silver

are the concentration of HS- functional groups attached

and 𝐶

to aerogel surface and the concentration of S- oxidized by humid air. Here, 𝑘 , 𝐶
lumped into 𝑘

∗

experiment. 𝐶
terms of Ag0. 𝐶

are the

and 𝐶

are

because the gas concentration was constant all the time during the aging
and 𝐶

can be calculated by re-writing the stoichiometry in Equation 35 in

can also be calculated by subtracting the amount of I2 loaded on the aged Ag0-

aerogel from the amount of I2 loaded on the unaged Ag0-aerogel. These modeling results indicate
that the pseudo 1st order reversible reaction models fit experimental data on humid air aged Ag0aerogel (R2 = 0.992 at 150 ℃).
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Modeling results on the aged Ag0-aerogel in 1% NO/N2 with different temperatures and
aging times are placed in Figure 5-9 (C). Reaction equations for the model are provided in
Equation 36. Considering the results of correlation coefficient to each order model with the model
results, model results show good fitting to experimental data when n
aerogel. 𝐶
Also, 𝐶

is the concentration of NO and 𝐶
and 𝐶

1 for 1% NO/N2 aged Ag0-

is the concentration of silver oxidized by NO.

are the concentration of HS- functional groups attached to aerogel surface and
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the concentration of S- oxidized by NO. These modeling results indicate that the pseudo 1st order
reversible reaction models fit experimental data on 1% NO/N2 aged Ag0-aerogel (R2 = 0.997 at
150 ℃).
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Modeling results on the aged Ag0-aerogel in 2% NO2/dry air with different temperatures
and aging times are placed in Figure 5-9 (D). Reaction equations for the model are provided in
Equation 37 which was suggested for the formation of Ag2SO4 through analyses in this study and
the reaction between Ag and HS- which was described in previous study.83 Considering the results
of correlation coefficient to each order model with the model results, model results show good
fitting to experimental data when n
concentration of NO2 and 𝐶
𝐶

2 for 2% NO2/dry air aged Ag0-aerogel. 𝐶

is the concentration of silver oxidized by NO2. Also, 𝐶

is the
and

are the concentration of HS- functional groups attached to aerogel surface and the

concentration of SO42-. These modeling results indicate that the pseudo 2nd order reversible
reaction model fits experimental data on 2% NO2/air aged Ag0-aerogel (R2 = 0.986 at 150 ℃).
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Figure 5-9. Pseudo reaction models on Ag0-aerogel aged in dry air (A), humid air (d.p. -15 ℃,
(B)), 1% NO/N2 (C) and 2% NO2/dry air (D) at different aging temperatures and times.
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Table 5-1. Variables and Model Parameters for the Pseudo Reaction Model on the Aged Ag0-aerogel in the Different Gas Streams
D.P.
(oC)

CH₂O
(mol/m3)

CO₂
(mol/m3)

CNO
(mol/m3)

CNO₂
(mol/m3)

k1*
(hr-1)

k1
((mol/m3)-1ꞏhr-1)

k-1
(hr-1)

R2

100
125
150
Humid air

-70
-70
-70

-

8.59
8.59
8.59

-

-

8.28E-5
1.04E-4
1.26E-4

9.64E-6
1.21E-5
1.47E-5

0.022
3.33E-3
1.27E-3

0.940a
0.996a
0.999a

100
125
150
1% NO/N2

-15
-15
-15

0.067
0.067
0.067

8.59
8.59
8.59

-

-

5.69E-5
1.26E-4
1.66E-4

9.89E-5
2.19E-4
2.88E-4

3.26E-4
4.57E-3
4.20E-3

0.982a
0.999a
0.992a

-

-

-

0.409
0.409
0.409

-

1.67E-4
2.36E-4
2.88E-4

4.08E-4
5.77E-4
7.04E-4

0.015
0.019
0.005

0.979a
0.993a
0.997a

-

-

-

-

0.818
0.818
0.818

5.28E-3
9.11E-3
1.46E-2

6.45E-3
1.11E-2
1.78E-2

0.003
1.84E-3
6.75E-4

0.995b
0.996b
0.986b

T
( C)
o

Dry air

100
125
150
2% NO2/dry air
100
125
150
a

for n = 1 in Equations 34, 35 and 36.
for n = 2 in Equation 37.

b
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5.5. Conclusions
The aging processes on Ag0-aerogel in dry air, humid air (d.p. -15 ℃) ), 1% NO/N2 and 2%
NO2/dry air as off-gas streams from the spent nuclear fuel reprocessing system were studied. The
iodine loading capacity of the Ag0-aerogel after being aged in gas streams including dry air, humid
air (d.p. -15 oC), 1% NO/N2 and 2% NO2/dry air at 100 ℃, 125 ℃ and 150 ℃ for up to 6 months
were obtained. The iodine loading capacity of the Ag0-aerogel aged in dry air, humid air (d.p. -15
o

C), 1% NO/N2 and 2% NO2/dry air at 150 ℃ for 1 month decreased by roughly 12%, 18%, 23%

and 85%, respectively. These results suggest that 2% NO2/dry air has the most adverse impact on
the iodine loading capacity of the Ag0-aerogel. Aging temperature is also a negative factor on the
iodine capacity loss of the Ag0-aerogel, which means iodine loading capacity was decreased with
increasing aging temperatures over the ranges studied.
The aging mechanisms of the Ag0-aerogel in dry air, humid air (d.p. -15 ℃), 1% NO/N2
and 2% NO2/dry air at 150 ℃ were explained with SEM, XRD and XPS analyses. The results
showed that the mechanism can be expressed by the oxidation processes. That is, the aging
processes occur through the oxidation reactions of both Ag particles and HS- functional groups,
which were attached to aerogel surface. The HS- was oxidized by the aging gas components and
reacted with the Ag0 to form Ag2S or Ag2SO4.
In addition, the pseudo reaction models with the oxidation reaction of Ag0 from the aging
processes in dry air, humid air (d.p. -15 ℃), 1% NO/N2 and 2% NO2/dry air describe the kinetics
of deactivation on the Ag0-aerogel well. The results of iodine loading capacity and model fitting
reveal that the Ag0-aerogel lost iodine capacity when being exposed to gas streams. While the
kinetics of the aged Ag0-aerogel in dry air, humid air, 1% NO/N2 and 2% NO2/dry air were
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explained in this chapter, future work should be conducted not only to understand the aging effect
of gas mixture consisting of dry air, humid air and NOx gases, but to discover alternative adsorbents
which have resistance to off-gas streams.
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Chapter 6. Aging on Ag0Z and Ag0-Aerogel in Gas Mixtures and Iodine
Adsorption on Aged Ag0Z and Ag0-Aerogel
6.1. Introduction
In this chapter, aging effects of gas mixtures consisting of humid air and NOx gas streams
on both Ag0Z and Ag0-aerogel are discussed. As explained in Chapter 4, the iodine capacity of the
Ag0Z decreases after being aged in dry air, humid air, 1% NO/N2 and 2% NO2/dry air with
increasing aging time, aging temperature and water concentration. NOx gas streams have the higher
adverse impacts on the performance of the Ag0Z.
As for the Ag0-aerogel, the iodine capacity of the Ag0-aerogel also decreases after being
aged in the same gas streams as used for the Ag0Z aging with similar aging conditions as
demostrated in Chapter 5. However, it was found that the Ag0-aerogel has more resistance to dry
air, humid air and 1% NO/N2 unlike the Ag0Z, but 2% NO2 has the most adverse impact on the
performance of the Ag0-aerogel. From these results, both Ag0Z and Ag0-aerogel lost iodine
capacity when aged in dry air, humid air, 1% NO/N2 and 2% NO2/air, and the magnitute of these
losses increased with increasing aging time and temperature. The most significant impact on iodine
capacity was observed for the aged Ag0Z and Ag0-aerogel in 2% NO2/dry air.
Each gas stream including dry air, humid air and NOx will exist as a gas mixture in the
spent nuclear fuel reprocessing off-gas stream. Since the gas mixture of humid air, NO and NO2
will be formed to a NO2 gas,126,127 the kinetics of the aging process for Ag0Z in that gas mixture
will be similar to that of Ag0Z aged in 2% NO2/air conducted in this study. To validate the impact
of the humid air and NOx gas mixture, the effects of the gas mixture on both Ag0Z and Ag0-aerogel
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were studied. To produce the gas mixture, the experimental system for aging was revised as shown
in Figure 3-4, while using the same experimental systems (Figure 3-5) for iodine loading.

6.2. Aging Effects and I2 Adsorption on Aged Ag0Z
Figure 6-1 shows the kinetic data for iodine loading on Ag0Z aged in the 0.25% NO, 0.5%
NO2 in humid air (d.p. -15 ℃) gas mixture prepared by diluting 1% NO/N2 and 2% NO2/air in
humid air (d.p. -15 oC) at 150 ℃ for aging times between 10 minutes to 5 hours. The kinetic data
in Figure 6-1 show that iodine loading capacities on the gas mixture aged Ag0Z decreases
substantially with increasing aging time. The iodine capacity of the gas-mixture aged Ag0Z
dropped by 86.5% at 150 ℃ after 5 hours, for example. These results revealed the effect of aging
for the gas mixture is greater than the aging effect of any of the component gases individually
(Figure 4-9) since Ag0Z aged in the gas mixture has similar I2 capacity losses to 2% NO2/air aged
Ag0Z (Figure 4-9 (E)) despite having a lower concentration of NO and NO2 in the gas mixture.
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Figure 6-1. Kinetic data on I2 loading capacity of Ag0Z aged in gas mixture, containing 99.25%
humid-air (dew point: -15 ℃), 0.25% NO and 0.5% NO2, at 150 ℃ for different aging times.

6.3. Characterization
Scanning Electron Microscope (SEM)
SEM (backscattered electron composition) images of Ag0Z and aged Ag0Z samples are
displayed in Figure 6-2. Small particles (white dots) are observed on the surface of the mordenite
crystals. According to the SEM analyses discussed in Chapter 4, these particles should be Ag0
particles. The images in Figure 6-2 show that Ag0 particles disappeared from the surface of the
aged mordenite crystals as aging time increased. These features are very similar to 2% NO2 aged
Ag0Z which supported that Ag particles on the surface of mordenite structure oxidized and
migrated to the mordenite pores and channels.
These results are consistent with those of the I2 adsorption tests that showed the I2 loading
capacity of gas-mixture aged Ag0Z decreasing with increasing aging time as shown in Figure 6-
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2. Additionally, these results suggest that there are no other large crystals in other chemical forms
on the surface compared to XPS and XRD results in this chapter and other analyses of the aged
Ag0Z in gas streams discussed in previous chapter.
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Figure 6-2. SEM images of Ag0Z and aged Ag0Z samples in gas mixture, containing 99.25% humid air (dew point: -15 ℃), 0.25% NO
and 0.5% NO2, for 10 minutes, 30 minutes, 1 hour and 5 hours at 150 ℃.
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X-ray Powder Diffraction (XRD)
The XRD patterns for unaged and aged Ag0Z samples in gas mixture at 150 ℃ are shown
in Figure 6-3. Decrease of Ag0 peaks was observed when Ag0Z was exposed to the gas mixture
as expected that the aged Ag0Z in gas mixture should show similar features to that in 2% NO2,
because a gas mixture of humid air, NO and NO2 will be formed to a NO2 gas.126,127 The decrease
in Ag0 should be due to the oxidation of Ag0 to Ag+ by the aging gas mixture. It was shown that
Ag0 was totally oxidized resulting in XRD patterns similar to that of AgZ discussed above. It was
noted that the I2 adsorption loading capacity (Figure 6-1) decreased correspondingly with the
decrease of Ag0 resulting from the oxidation of Ag0 to Ag+ by the aging gases. This explains that
I2 only reacts with the Ag0 in the aged Ag0Z, and the oxidized Ag+ is somehow inactive to I2.

Figure 6-3. XRD patterns of the unaged AgZ and aged Ag0Z in gas mixture, containing 99.25%
humid air (dew point of -15 ℃), 0.25% NO and 0.5% NO2, at 150 ℃.
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X-ray Photoelectron Spectroscopy (XPS)
XPS spectrum for the aged Ag0Z in the gas mixture at 150 ℃ for 1 hour is shown in Figure
6-4. To compare the gas mixture aged Ag0Z with 2% NO2/dry air, XPS spectra for the AgZ, Ag0Z
and aged Ag0Z in 2% NO were incorporated with the gas mixture aged Ag0Z. It was expected that
the gas mixture would be formed to NO2 species and the aging process for Ag0Z in that gas mixture
would be similar to that of 2% NO2/air aged Ag0Z.
Figure 6-4 shows Ag 3d spectra for the AgZ, Ag0Z and aged Ag0Z in 2% NO2/dry air and
gas mixture. As highlighted in Figure 6-4, the binding energy (BE) of Ag 3d5/2 measured for the
aged Ag0Z in gas mixture was shifted to Ag 3d5/2 BE for AgZ, which was very similar to that of
Ag 3d5/2 for the aged Ag0Z in 2% NO2/dry air. This result suggests that the aged Ag0Z in gas
mixture has similar features to the 2% NO2/dry air aged Ag0Z, which means the Ag0Z was oxidized
back to AgZ after being aged in gas mixture. Then, the oxidized Ag+ migrated back to the pores
and channels in mordenite crystalline framework; these were confirmed from the iodine adsorption
data (Figure 6-1), SEM (Figure 6-2) and XRD (Figure 6-3) results.
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Figure 6-4. XPS spectra (Ag 3d core-level) of AgZ, Ag0Z and aged Ag0Z in 2% NO2/dry air at
150 ℃ for 2 months and gas mixture, containing 99.25% humid-air (dew point: -15 ℃), 0.25%
NO and 0.5% NO2, at 150 ℃ for 1 month.
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6.4. Modeling
Using a similar approach to the one used for aged Ag0Z that is mentioned above, modeling
results for the gas-mixture aged Ag0Z for different aging times at 150 ℃ are shown in Figure 65. Equation (38) represents an overall oxidation reaction for the kinetic model of Ag0Z aged in the
gas mixture shown in Figure 6-5. Reactions of gas components in the gas mixture will occur via
intermediate reactions, Equation (39) - Equation (41),126,127 which form a NO2 gas. Considering
that the gas mixture produces the NO2 gas, a reaction equation for the kinetic model can be
represented as shown in Equation (42), which is similar to Equation (29). 𝐶
of oxygen in gas mixture, 𝐶

is the concentration of water in gas mixture, 𝐶

concentration of NO in gas mixture, 𝐶
𝑂
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Here, 𝑘 , 𝐶 , 𝐶

,𝐶

and 𝐶

are lumped into 𝑘

∗

because the gas mixture will

produce the NO2 gas and the gas concentration was constant at all times during the aging
experiment.The parameters for the reaction model and the correlation coefficients (R2) between
experimental data and model results are shown in Table 6-1. These results indicate that the model
is well fitted (R2 = 0.988) to experimental data when n

1, which means the Pseudo 1st order

irreversible reaction model fits the experimental data. These results are consistent with
experimental data (Figure 6-1) that the effect of aging from the gas mixture on Ag0Z increases
with increasing aging time.
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Figure 6-5. Pseudo reaction model on Ag0Z aged in gas mixture, containing 99.25% humid-air (dew point of -15 ℃), 0.25% NO and
0.5% NO2, at 150 ℃ for different aging times.

Table 6-1. Variables and Model Parameters for the Pseudo Reaction Model on the Aged Ag0Z in the Gas Mixtures
T
( C)
Gas Mixture
150
o

D.P.
(oC)

CH₂O
(mol/m3)

CO₂
(mol/m3)

CNO
(mol/m3)

CNO₂
(mol/m3)

k1*
(hr-1)

k1
((mol/m3)-4ꞏhr-1)

R2

-70a/-15b

0.067

8.59

0.102

0.205

2.707

224.9

0.993c

a

for O2 in gas mixture
for H2O in gas mixture
c
for n = 1 in Eqn. (38)
b
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6.5. Aging Effects and I2 Adsorption on Aged Ag0-Aerogel
Figure 6-6 shows the kinetic data for iodine loading on Ag0-aerogel aged in the gas mixture
that includes humid air (d.p. -15 ℃), 0.25% NO and 0.5% NO2 which is prepared by diluting 1%
NO/N2 and 2% NO2/air in humid air (d.p. -15 ℃) at 150 ℃ for aging times between 1 day and 1
month. This kinetic data indicates that the iodine capacity of the aged Ag0-aerogel decreased with
increasing aging time when exposed to the gas mixture. For example, the iodine capacity of Ag0aerogel aged in the gas mixture (Figure 6-6) decreased by 86.7% at 150 ℃ after 1 month. These
results show that the aging effect from the gas mixture is higher than that of the individual single
gas streams (Figure 5-8) because gas-mixture aged Ag0-aerogel loses more of its I2 capacity than
2% NO2/air aged Ag0-aerogel (Figure 5-8 (D)), despite having a lower concentration of NO and
NO2.

Figure 6-6. Kinetic data on I2 loading capacity of Ag0-aerogel aged in gas mixture, containing
99.25% humid air (dew point of -15 oC), 0.25% NO and 0.5% NO2, at 150 oC for different aging
times.

101

6.6. Characterization
Scanning Electron Microscope (SEM)
SEM (secondary electron detector, SED) images of aged Ag0-aerogel (Figure 6-7) show
the formation of particles on the aerogel surface after aging in the gas mixture. Images show that
the Ag0-aerogel surface was entirely covered by these particles. Compared to SEM analyses
discussed in Chapter 5 (Figure 5-5 (E)), these particles on the surface of the Ag0-aerogel in Figure
6-7 are assumed to be Ag2SO4 which is very similar to that of 2% NO2/air aged Ag0-aerogel
conducted in this study.
The images in Figure 6-7 show that the presence of Ag2SO4 caused by oxidation reactions
of Ag particles with HS- on the Ag0-aerogel during aging process in gas mixture increases with
increasing aging time. Additionally, these results are consistent with those of the I2 adsorption tests
(Figure 6-6), which showed that the I2 loading capacity of Ag0-aerogel aged in the gas mixture
decreased with increasing aging time. These results were confirmed through the following XRD
and XPS analyses.
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Figure 6-7. SEM images of Ag0-aerogel and aged Ag0-aerogel samples for 1 day, 3 days, 1 week, 2 weeks and 1 month at 150 ℃.
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X-ray Powder Diffraction (XRD)
Results of XRD analysis on the unaged Ag0-aerogel and aged Ag0-aerogel in gas mixture
are presented in Figure 6-8. The XRD patterns show shifts from Ag0 crystals to Ag2SO4 crystals
when exposed to gas mixture. The formation of Ag2SO4 should be caused by the oxidation of the
SH- on the surface of aerogel structure which is very similar to the aged Ag0-aerogel in 2% NO2
because the gas mixture used in this study should produce NO2 species.

Figure 6-8. XRD patterns of unaged Ag0-aerogel and aged Ag0-aerogel.
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X-ray Photoelectron Spectroscopy (XPS)
XPS spectra for the aged Ag0-aerogel in gas mixture at 150 ℃ for 1 month is shown in
Figure 6-9. From XPS results in previous chapter, XPS spectra for the Ag0-aerogel and aged Ag0aerogel in 2% NO2/dry air were used to compare them with the aged Ag0-aerogel in gas mixture.
As mentioned above, the gas mixture stream will be formed to NO2 gas species, thus the aging
process for the Ag0-aerogel in gas mixture will be similar to that of 2% NO2/dry air aged Ag0aerogel.
Figure 6-9 represents Ag 3d spectra for the Ag0-aerogel and aged Ag0-aerogel in 2%
NO2/dry air and gas mixture. The binding energy (BE) of Ag 3d5/2 for the aged Ag0-aerogel in
gas mixture was shifted to 367.78 eV, which is the BE of Ag2SO4 standard,123-125 as shown in
Figure 6-9. This spectral shift is consistent with the BE of the Ag0-aerogel in 2% NO2/dry air,
which means that the shift should be attributed to the chemical/physical changes of the Ag particles
during oxidation processes through the gas mixture stream.
These results agreed well with the iodine adsorption data (Figure 6-6), SEM (Figure 6-7)
and XRD (Figure 6-8) results. These results indicate that the aged Ag0-aerogel in gas mixture has
similar aging process to the aged Ag0-aerogel in 2% NO2/dry air, which also means Ag particles
on Ag0-aerogel structure are oxidized to Ag2SO4 after aged in gas mixture.
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Figure 6-9. XPS spectra (Ag 3d core-level) of Ag0-aerogel and aged Ag0-aerogel in 2% NO2/dry
air at 150 ℃ for 2 months and gas mixture at 150 ℃ for 1 month; 2% NO2/dry air is for the aged
Ag0-aerogel in 2% NO2/dry air and gas mixture is for the aged Ag0-aerogel in gas mixture.
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6.7. Modeling
The pseudo reversible reaction model was employed to describe the kinetics of the aging
process for Ag0-aerogel aged in the gas mixture. Modeling results for aged Ag0-aerogel in the gas
mixture at 150 ℃ for up to 1 month are shown in Figure 6-10 which also includes the kinetic data
shown in Figure 6-6. Equation (43) and Equation (44) represent reaction equations for a kinetic
model on the aging of Ag0-aerogel in the gas mixture shown in Figure 6-10. Considering that the
gas mixture produces the NO2 gas, a reaction equation for the kinetic model can be represented as
shown in Equation (44), which is similar to Equation (37). 𝐶

is the normalized concentration of

silver which indicates the amount of I2 loaded on the aged Ag0-aerogel, 𝐶

is the concentration of

oxygen in gas mixture, 𝐶

is the concentration of water in gas mixture, 𝐶

is the concentration

of NO in gas mixture, 𝐶

is the concentration of NO2 in gas mixture. 𝐶

is the concentration

of silver oxidized by gas mixture, 𝑛 is the reaction order, 𝑘 is the forward reaction rate constant
and 𝑘

is the reverse reaction rate constant. Also, 𝐶

and 𝐶

are the concentration of HS-

functional groups attached to the aerogel surface and the concentration of S- oxidized by oxygen
in dry air, respectively. Here, 𝑘 , 𝐶 , 𝐶

,𝐶

and 𝐶

are lumped into 𝑘

∗

because the gas

concentration was constant at all times during the aging experiment and the gas mixture will be
formed to a NO2 gas through the reactions similar to Equation (39) ~ Equation (41). 𝐶
can be calculated by re-writing the stoichiometry in Eqn. (44) in terms of Ag0. 𝐶

and 𝐶
can also be

calculated by subtracting the amount of I2 loaded on the aged Ag0-aerogel from the amount of I2
loaded on the unaged Ag0-aerogel. The model parameters for all reaction models and the
correlation coefficients (R2) between experimental data and model results are shown in Table 62.
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These results indicate the model is fitted well to the experimental data when n

2, with a

strong correlation coefficient (R2 = 0.988), which means the Pseudo 2nd order reversible reaction
model fits the experimental data. These results are consistent with the experimental data (Figure
6-6) that show the effect of aging on Ag0-aerogel increasing with increasing aging time.
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Figure 6-10. Pseudo reaction model on Ag0-aerogel aged in gas mixture, containing 99.25% humid air (dew point of -15 ℃), 0.25% NO
and 0.5% NO2, at 150 ℃ for different aging times.

Table 6-2. Variables and Model Parameters for the Pseudo Reaction Model on the Aged Ag0-aerogel in the Gas Mixtures
D.P.
(oC)

CH₂O
(mol/m3)

CO₂
(mol/m3)

CNO
(mol/m3)

CNO₂
(mol/m3)

k1*
(hr-1)

k1
((mol/m3)-4ꞏhr-1)

k-1
(hr-1)

R2

-70a/-15b

0.067

8.59

0.102

0.205

3.93E-3

0.327

6.44E-4

0.922c

T
( C)
o

Gas Mixture
150
a

for O2 in gas mixture
for H2O in gas mixture
c
for n = 2 in Eqn. (40)
b
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6.8. Conclusions
The aging studies on both Ag0Z and Ag0-aerogel in the gas mixture comprising of humid
air (dew point: -15 ℃), NO and NO2 gas streams under aging conditions were conducted. Iodine
loading capacity of both Ag0Z and Ag0-aerogel after being aged in the gas mixture at 150 ℃ for
up to 5 hours (Ag0Z) and up to 1 month (Ag0-aerogel) were obtained. For example, the iodine
loading capacity of the Ag0Z aged in the gas mixture at 150 ℃ for 5 hours decreased by 86.5%,
compared to unaged Ag0Z. For Ag0-aerogel, the iodine loading capacity after being aged in the
gas mixture at 150 ℃ for 1 month also decreased by 86.7%. These results showed that the aging
effect of the gas mixture is greater than the aging effect of any of the single component gases as
the aged Ag0Z and Ag0-aerogel in the gas mixture have similar iodine capacity losses to those in
the 2% NO2/dry air gas stream despite the fact that the concentrations of NO and NO2 in the gas
mixture are lower than a single component of NO or NO2. This means that the gas mixture has a
significant impact on the performance of both Ag0Z and Ag0-aerogel.
SEM, XPS and XRD analyses also showed that both Ag0Z and Ag0-aerogel have similar
mechanisms for 2% NO2/dry air aged Ag0Z and Ag0-aerogel. Based on kinetic data and analyses,
the pseudo reversible reaction model was applied to describe the kinetics of aging processes on
both Ag0Z and Ag0-aerogel. The results of iodine loading capacity and model fitting revealed that
the Ag0Z and Ag0-aerogel lost a significant iodine capacity when exposed to the gas mixture.
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Chapter 7. Future Work and Recommendations
7.1. Effects of NOx Concentrations
During the spent nuclear fuel reprocessing process, several gaseous radionuclides are
released into the off-gas streams generated from the spent nuclear fuel reprocessing system. Offgas treatment in a fuel reprocessing facility addresses three main gaseous streams. The first gas
stream is the Dissolver Off-Gas (DOG) from the head-end process which includes shearing,
voloxidation and fuel dissolution. The second one is Vessel Off-Gas (VOG) to collect the remains
or in-leakage from all of the process equipment and instrument air. The last is Cell Off-Gas (COG)
to collect radionuclides generated during the shearing process. The DOG contains radioactive 129I,
and it is also released into the VOG; the DOG contains about 98% of iodine while the remaining
2% of iodine is found in the VOG in a mixture of elemental and organic forms (I2 and CH3I).65,100
Thus, it is necessary to study the iodine removal and the aging effects from both DOG and VOG
streams.
In this study, aging effects of NOx gases (1% NO/N2 and 2% NO2/dry air) on the Ag0Z and
Ag0-aerogel were studied, and showed that NOx gases have significant impacts on both absorbents.
But, lower concentrations of NOx gases will need to be investigated because the concentration of
NOx gases in the VOG is expected to be much lower than the DOG (1 ~ 2%).73 There are several
studies52,58,65,66 about the effect of NOx (0.01% ~ 1%) on CH3I adsorption on Ag0Z and Ag0aerogel, and it was found that low concentrations of NOx gases also cause the capacity loss of both
adsorbents. However, aging processes of NOx on the adsorbents with lower concentration were
not clearly explained. So, it would be valuable to perform additional studies on the aging effects
of NOx gases in low concentrations on both Ag0Z and Ag0-aerogel as future works.
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7.2. Aging Effects of Alternative Adsorbents
From previous investigations and this work, it was found that off-gas streams have
significant impacts on the iodine loading capacity of Ag0Z and Ag0-aerogel under aging conditions.
However, there are some issues which need to be addressed to use the Ag0Z and Ag0-aerogel as
effective adsorbents for off-gas treatment in the spent nuclear fuel reprocessing system.
One of some issues is aging effects on the Ag0Z and Ag0-aerogel. The iodine loading
capacity of the Ag0Z and Ag0-aerogel decreased significantly after being aged in NOx gas streams
over extended periods of time, even though both adsorbents somewhat showed resistances to dry
air and humid air in this study. Therefore, alternatives, which have more resistances to NOx gas
streams, need to be investigated in order to be used for off-gas treatment system and iodine
emission limit requirements.
Although there are several alternatives to the Ag0Z and Ag0-aerogel to capture iodine,
silver nitrate impregnated alumina (AgNO3-Al2O3, also known as AgA) could be a good candidate.
The AgA is more tolerant to a NO2 gas stream as Ag is already in a nitrate form.31 In recent works,
the AgA was tested for iodine capture in tritium-pretreatment off-gases. These studies showed that
the AgA has more resistance to the NO2 gas stream, but still had about 76% of the iodine loading
capacity loss when exposed to the NO2 gas stream for 1 month.67,128 Although the AgA still has a
significant loss of the iodine loading capacity, the AgA could be a better adsorbent for iodine
removal because much higher NO2 concentration (75% NO2) was used and much smaller iodine
loading capacity (15% of iodine capacity loss) was obtained in these previous studies. However,
the aging and reaction mechanisms of AgA in NO2 are not currently clear yet. Thus, future work
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should include the performance of AgA, aging effects, aging kinetics with the effect of temperature
to ensure that the AgA is a better option than Ag0Z and Ag0-aerogel for iodine removal.
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Notation
𝑅

Equivalent spherical radius, mm

𝑅

Radius of microparticles, μm

𝜌

Bulk density of pellet, g/cm3

𝜌

Real density of pellet, g/cm3

𝜀

Porosity of pellet

𝑆

Surface area, m2/g

𝑣

Micropore volume, cm3/g

𝑉

Pore volume, cm3/g

𝜆

Wavelength of the incident X-ray beam, Å

𝜃

Angles of incidence, o

𝑅

Correlation coefficient

𝑥

Sample data from experimental results

𝑥̅

Average of the sample data set from experimental results

𝑦

Sample data from model results

𝑦

Average of the sample data set from model results

DP

Dew point, ℃

wt.% Weight percentage
𝐶

Concentration of a gas component, mol/m3
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𝐶

Concentration of water, mol/m3

𝐶

Concentration of oxygen, mol/m3

𝐶

Concentration of nitrogen dioxide, mol/m3

𝐶

Concentration of nitrogen oxide, mol/m3

𝑘

Forward reaction rate constant, (mol/m3)-1ꞏhr-1

𝑘

Reverse reaction rate constant, hr-1
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Abbreviations
CFR, Code of Federal Regulations
EPA, Environment Protection Agency
NRC, Nuclear Regulatory Commission
ppm, parts per million
ppmv, parts per million by volume
AgZ, silver-exchanged mordenite
Ag0Z, reduced silver-exchanged mordenite
Ag0-aerogel, silver-functionalized silica aerogel
SEM, Scanning Electron Microscopy
XRD, X-ray Diffraction
XPS, X-ray Photoelectron Spectroscopy
NFS, Nuclear Fuel Services
ppb,

parts per billion

MOR, mordenite
MR,

member ring

FCC, face-centered cubic
DF,

decontamination factor: the ratio of initial and final radioactivity

DOG, Dissolver Off-Gas
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VOG, Vessel Off-Gas
COG, Cell Off-Gas
DOE, Department of Energy
NEUP, Nuclear Energy University Program
BE,

Binding Energy
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